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ABSTRACT 
The Bossler  coupl ing is a new, f l ex ib l e ,  d r ive-shaf t  coupl ing  
which is s u i t a b l e  f o r  a n y  l e v e l  of power t ransmission.  T h i s  re- 
p o r t  p r e s e n t s  the r e su l t s  of a n  i n v e s t i g a t i o n  of t h e  mechanical 
c h a r a c t e r i s t i c s  of Bossler coupl ings.  The inves t iga t ion   i nc luded  
analyses  and tests.  S impl i f i ed   coup l ing   ana lys i s  methods, param- 
e ter  s t u d i e s ,  and   des ign   gu ide l ines  were developed. The t es t  
a r e a s   i n c l u d e d   t o r s i o n ,   s t i f f n e s s ,   s t r a i n ,   f a t i g u e ,   c o n s t a n c y  
o f   ve loc i ty ,   c r i t i ca l   speed ,   and   ba l anc ing .  The tests substan-  
t i a t e d  t h e  ana lyses  for  p r e d i c t i n g  i n t e r n a l  f o r c e s  a n d  moments, 
s t e a d y  a n d  a l t e r n a t i n g  stress, bending and change-of-length 
s t i f f n e s s ,   c r i t i c a l   s p e e d s ,  and t h e  e f f e c t s  of unbalance. Ex- 
pe r i ence  is limited f o r  f a t i g u e  ( t w o  tests), and for  u l t i m a t e  
t o r q u e  ( s i x  tests). 
I m p o r t a n t  c h a r a c t e r i s t i c s  of t h e  Bossler  coupl ing were es- 
t ab l i shed .   Ve loc i ty   can  be cons tan t .  The coupling  has  unusual 
c a p a b i l i t y  f o r  accommodating  combined axial  motion,  misal ignment ,  
and torque. The coupl ing  can s u r v i v e  shock- to rque  g rea t ly  in  
excess  of u l t i m a t e  cont inuous torque and t ransient  misal ignments  
o v e r  three times t h e  design  cont inuous  operat ing  angle .  Con- 
f i g u r a t i o n   m o d i f i c a t i o n  may improve  performance  fur ther .   Fai l -  
s a f e  d e s i g n  is accomplished easily.  The coupl ing  has   unusual  
c h a r a c t e r i s t i c s  t h a t  a r e  p o t e n t i a l l y  u s e f u l .  The coupl ing 
appears  well s u i t e d  f o r  a p p l i c a t i o n s  r e q u i r i n g  v e r y  long l i f e  
w i t h  h i g h  r e l i a b i l i t y ,  v e r y  low weight,  no maintenance or l u b -  
r i c a t i o n ,  and s u r v i v a l  i n  hos t i le  environments. 
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Background.- Drive-shaft couplings accommodate t h e  in-  
ev i tab le  misa l ignments  be tween ro ta t ing  sha f t s  . in  a d r i v e  t r a i n .  
The misa l ignments  a re  caused by  imperfec t  par t s ,  t empera ture  
changes ,   and   def lec t ions   o f   the   suppor t ing  s t r u c t u r e s .  The 
coupl ings  accommodate these misalignments by either moving 
c o n t a c t  or f l e x i n g .  
Coupling pa r t s  wi th  moving con tac t  r equ i r e  lub r i ca t ion  and  
maintenance. The rubb ing   pa r t s   abso rb  power.  The lub r i can t   and  
t h e  seals l i m i t  coupl ing   envi ronment   and   coupl ing   l i fe .  The 
p a r t s  wear ou t .  The coupl ing may develop a l a r g e  r e s i s t a n c e  t o  
movement a s  t h e  p a r t s  deteriorate. The coupl ing may not  have 
c o n s t a n t  v e l o c i t y .  The l o c a t i o n  o f  p a r t s  w i l l  be   inexac t  because 1 of t h e  i n t e r n a l   c l e a r a n c e s  required t o  allow motion. However, i n  
s p i t e  of these drawbacks, many ve ry  success fu l  app l i ca t ions  o f  
coupl ings  w i t h  moving c o n t a c t  are  known. These coupl ings  are  i n  
wide u s e .  Coupling  behavior u s u a l l y  is p r e d i c t a b l e  from past  
exper ience  . 
Couplings which accommodate misalignments by f l e x i n g  a v o i d  
a l l  t h e  drawbacks  that  come w i t h  moving c o n t a c t .  F l e x i b l e  coup- 
l i ng   behav io r ,  however, is not  w i t h o u t  des ign  problems. Any 
f l ex ib l e  coup l ing  can  be propor t ioned  w i t h  s t rong ,  t h i c k ,  s t i f f  
members t h a t  e a s i l y  t r a n s m i t  a des ign  torque a n d  t h a t  e a s i l y  pro- 
v i d e  t h e  s t i f f n e s s  t o  ope ra t e  a t  a design  speed.  However, m i s -  
al ignment requires f l e x i n g  of these members. The f l e x i n g  produces 
a l t e r n a t i n g  stresses t h a t  can limit coupl ing l i fe .  The g r e a t e r  
t h e  s t r e n g t h  a n d  s t i f f n e s s  of a member, the h igher  t h e  a l t e r n a -  
t i n g  stress from a given  misalignment.  Therefore, s t r eng th   and  
s t i f f n e s s  p r o v i s i o n s  t o  t r a n s m i t  torque a t  speed w i l l  be de t r i -  
mental t o  misalignment capabi l i ty .  The problem of des ign  is t o  
p r o p o r t i o n  t h e  f l e x i b l e  c o u p l i n g  t o  accomplish torque t rans-  
mission and misalignment for  t h e  lowest system cost. 
Bossler Coupling .- T h i s  is a new f l e x i b l e   c o u p l i n g .  It * 
t r a n s m i t s  t o r q u e  through  ax ia l ly- loaded  s t r a i g h t  elements.  It  
is s t r u c t u r a l l y  v e r y  e f f i c i e n t .   D e f o r m a t i o n s   r e s u l t i n g  from 
sha f t  mi sa l ignmen t s  and  changes  in  l eng th  a re  d i s t r i b u t e d  among 
t h e  many s l e n d e r ,  s t r a i g h t ,  e lements  t h a t  comprise t h e  coupl ing.  
The coupling geometry is i l l u s t r a t e d  i n  the  L i s t  of Symbols  and 
throughout t h e  t e x t .  The Bossler coupling  can  have  various  con- 
f igurat ions,   depending  on u s e  and method of manufacture. The 
c o n f i g u r a t i o n  i n v e s t i g a t e d  i n  t h i s  program is made from metal 
p l a t e s  of square  planform w i t h  a square c o n c e n t r i c  hole. The 
p l a t e s  are a t t a c h e d  a t  t h e  c o r n e r s  t o  ad jacen t  similar plates. 
The i n d i v i d u a l  s l e n d e r  e l e m e n t s  a r e  r e c t a n g u l a r  i n  c r o s s - s e c t i o n .  
* U. S. P a t e n t  No. 3,177,684 
1 
Purpose.- The purpose of t h i s  program was t o  provide t h e  
National Aeronautics and Space Administration w i t h  a n  i n i t i a l  
i n v e s t i g a t i o n  of t h e  m e c h a n i c a l  c h a r a c t e r i s t i c s  of t h e  Bossler 
coupling. 
Program.- T h i s  i n v e s t i g a t i o n  s t a r t e d  w i t h  t h e  i d e n t i f i c a t i o n  
of p o s s i b l e  f a i l u r e  modes and  of  o ther  des ign  cons idera t ions .  
For each  top ic  i d e n t i f i e d ,  importance was eva lua ted ,  appropr i a t e  
analysis  methods were developed where conventional methods were 
not  ava i lab le ,  and  tests were performed a s  required t o  s u b s t a n -  
t i a t e  the ana lyses  and  r e f ine  t h e  ana lyses  by inc lus ion  of  
empir ica l  ad jus tments .  
The modes of f a i l u r e  c o n s i d e r e d  were f a i l u r e  from torque, 
f a t i g u e ,   a n d   c r i t i c a l  speed. The other des ign   cons ide ra t ions  
included constancy of v e l o c i t y ,  c o u p l i n g  s t i f f n e s s  a s  i t  a f f e c t s  
c r i t i c a l  speed and a l s o  s u p p o r t i n g  structure,  and response t o  
unbalance. 
Each chap te r  i n  t h i s  report is a semi-independent topic,  
which con ta ins  its own in t roduct ion   and   conclus ion .   Appropr ia te  
c ros s - r e fe rences  and  comparisons  are made. S impl i f i ed   ana lys i s ,  
parameter s t u d i e s  and  des ign  gu ide l ines  a re  p re sen ted  first t o  
e s t a b l i s h  t h e  framework for understanding t h e  test results a s  
t h e y  appear  and  for  la te r  compar isons  of test resul ts  w i t h  theory.  
I n  add i t ion ,  a d i s c u s s i o n  is presented  for  a conf igu ra t ion  mod- 
i f i c a t i o n  which follows the d e s i g n  g u i d e l i n e s  i n  t h e  d i r e c t i o n  
of improved coup l ing   capab i l i t y .  A concept was explored for a 
f a i l - s a f e  f e a t u r e  w i t h  a w a r n i n g  s i g n a l  t h a t  a f a i l u r e  h a s  
occurred. Also discussed a r e  some u n u s u a l  c h a r a c t e r i s t i c s  a n d  
p o s s i b l e  u s e s  of t h e  coupling. 
2 
SIMPLIFIED ANALYSIS 
In t roduct ion . -  T h i s  Sec t ion  p resen t s  s imple  fo rmulas  fo r  
t h e  a n a l y s i s  of Bossler coupl ings .  The formulas re la te  t h e  
s t r u c t u r a l  behavior ( e .g .   i n t e rna l  loads, s t i f f n e s s ,  stresses) 





The to rque  T c a u s e s  i n  e a c h  e l e m e n t  a n  a x i a l  force Pa. For 
t y p i c a l  p r o p o r t i o n s  t h e  effect of p l a t e  offset  S can be ignored, 
t h u s :  
Pa = e707 T/d (1) 
The sketch shows t h a t  t h e  compression elements and t h e  
t ens ion  e l emen t s  fo rm he l i ca l  pa ths  which t r a n s m i t  t o rque  
across t h e  coupl ing.  The s t a b i l i t y  of t h e  compression  load 
p a t h  limits t h e  to rque  capacity. Tests t o  f a i l u r e  have shown 
t h a t  t h e  u s e f u l  u l t i m a t e  t o rque  for  a Bossler coupl ing  can  be  
p r e d i c t e d  w i t h  t h e  fo l lowing  equat ion .  
3 
E b t  
dn.9 ’ Tu =I 11.62 for n s 5 
Equation (2) assumes t h a t  t h e  i n s t a b i l i t y  occurs i n  t h e  e las t ic  
range.   This   assumption w i l l  be correct f o r  the g r e a t  m a j o r i t y  
of a p p l i c a t i o n s  s i n c e  t h e  a x i a l  stress is t y p i c a l l y  less than  
40 k s i  a t  u l t i m a t e  t o r q u e .  T h i s  f a c t  c a n  b e  shown a s  fo l lows:  
E 2 
O- = Pu/bt = 8.22 
For a t y p i c a l  power t r a n s m i s s i o n  a p p l i c a t i o n ,  E = 27000 k s i  
(n i cke l   marag ing   s t ee l ) ,  n = 3, t / d  1 /50 .   Subs t i tu t ing  these 
v a l u e s  i n t o  t h e  equa t ion  shows c r t o  be approximately 33 k s i  a t  
u l t i m a t e  torque. The corresponding s teady  stress a t  normal  op- 
e r a t i n g  t o r q u e  is t h e n  t y p i c a l l y  o n l y  11 k s i ;  the  cor responding  
a l t e r n a t i n g  stress f r o m  t y p i c a l  t o r q u e  v a r i a t i o n  is only 2 k s i .  
T h e s e  v a l u e s  a r e  q u i t e  low. It can be concluded   tha t  t h e  stresses 
from to rque  t r ansmiss ion  have  only a secondary effect  upon t h e  
endurance  of t h e  coupl ing.  The primary source of f a t i g u e  damage 
is t h e  a l t e r n a t i n g  stress resu l t ing  f rom shaf t  misa l ignments .  
The theoretical  t o r s i o n a l  s t i f f n e s s  o f  a Bossler coupl ing 
can  be der ived by cons ide r ing  a s ing le  e lement ,  a s  fol lows.  
Ex te rna l  work = i n t e r n a l  work 
T b tdE 
1.414 
- -, for a s i n g l e   p l a t e  
S ince  there a re  1 /S  p l a t e s  pe r  un i t  l eng th  o f  coup l ing ,  t h e  
t o r s i o n a l  s t i f f n e s s  p e r  u n i t  l e n g t h  becomes: 
(JG)c = .707 btdES, theoret ical  
I n  tests,  t h e  observed t o r s i o n a l  s t i f f n e s s  a p p r o a c h e d  t h e  theo- 
r e t i c a l  v a l u e  i n i t i a l l y  b u t  g radual ly  decreased  w i t h  i nc reas ing  
to rque .  A t  normal   operat ing  torque,  t h e  t a n g e n t   s t i f f n e s s  was 
approximately 40% less t h a n  t h e  theoret ical  s t i f f n e s s ;  E q u a t i o n  
(3) i nc ludes  a 40% r educ t ion .  
(JG), = .425 btdES (3) 
4 
"jl 
Misalignment.- The f l exura l  s t i f fness  can be derived by 
considering a s i n g l e ,  f l a t  Bossler p l a t e .  The fo l lowing  sketch 
shows  one p la te  subjec ted  to  a moment M' which causes an angle 
change "a" radians about a diagonal .  
7 
\ 
M' =- +- 4M 4c  
1.414 1 .414  
M' = 2.828 (M + C) (4)  




M = .2357 -
B '  bt3G  ac =  
L 1.414 
( 5 )  " 
( 6 )  
5 
B ' is a func t ion  o f  b/ t  (Reference 1). 
For t y p i c a l  Bossler coupl ings,  b/ t  = 6; u s e  B '  = .30. For 
s teel ,  G/E = .367. 
b t  Ea 3 Therefore, C = .0779 -
L 
D i v i d e  Eq. (7) 
by Eq. ( 6 )  C = .33 M 
Subst .  Eq.  (8) 
i n t o  Eq. (4) Y '  = 3.76 M 
= 3.76 M, for o n e  p l a t e  
a a 
The re  a r e  1/S p l a t e s  p e r  u n i t  l e n g t h  of coupl ing.  
Theref  ore, (EI) ,  = 3.76 MS/a 
or,  (EI), = 10.64 EIS/L (10) 
or, (EI), = .886 Ebt3S/L (11) 
By symmetry it is apparent  tha t  Equat ion  (11) a l s o  a p p l i e s  
t o  a moment M' r o t a t e d  90 degrees  t o  t h a t  used i n  t h e  d e r i v a t i o n .  
Thus,  t h e  c o u p l i n g  h a s  c o n s t a n t  f l e x u r a l  s t i f f n e s s  for any d i -  
rect ion  of bending. 
Equation  (11) is p a r t i c u l a r l y  u s e f u l  because it permi ts  a 
Bossler coupl ing  t o  b e  i d e a l i z e d  a s  j u s t  ano the r  beam segment. 
Convent iona l  methods  for  ca lcu la t ing  beam d e f l e c t i o n s  t h e n  c a n  
be used t o  ana lyze  t h e  shaf t -coupl ing  sys tem for  suppor t  d i s -  
placements,   angular  misalignments,  c r i t i c a l  speeds,   and  the 
effects  of  unbalance,  and a l so  t o  de termine  suppor t  reac t ions .  
Conventional beam analyses  provide  t h e  i n t e r n a l  moments Y ' .  
Equation (9) can be used t o  f i n d  t h e  i n t e r n a l  moment M which 
e x i s t s  on a coupling element, and stress can be found using 
Mc/I. 
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I n  a t y p i c a l  i n s t a l l a t i o n  t h e  s h a f t  r o t a t e s  a n d  t h u s  t h e  
moment Y' rotates.  During each revolu t ion  t h e  end moment, m, 
on each element  w i l l  vary between +.297 M', a s  shown i n  t h e  
f o l l o w i n g  d e r i v a t i o n .  
- 
/ 
m = M cos h + .5M s i n  X 
A t  m maximum, @ = -M s i n  X + .5 M cos X = o 
X = 26O 34 '  
Therefore ,  = - + 1.118 M 
or, from Eq. (9),  %ax = 2 .297 M' 
The maximum f la twise  bending  stress produced when a s i n g l e  
Bossler p l a t e  is misal igned a t  a n  a n g l e  "a" and t h e n  r o t a t e d  
can  be found from Equations  (12)  and (5), t h u s :  
- t  (+ 1.118) 4 EIa = +1.581 - E t a  %ax -21 - 1.414 L - L 
f l a t w i s e  
or 
per degree of 
i n  one  plate   (14)  
The a n g l e  ('a'' a l s o  causes a t w i s t i n g  of t h e  element.  T h i s  
%iX = + ,0276 Et L - , misalignment 
f l a t w i s e  
t w i s t i n g  has l i t t l e  s i g n i f i c a n c e  upon t h e  endurance of the 
coupl ing,  a s  shown below. 
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X = twist a n g l e  per un i t   l eng th ,  
s = maximum shear stress 
r a d i a n s  
C 
B '  G b t 3  
X =  
C 
s =  
abt2 
s = - G t X   G t X  , for broad rec t angu la r   e l emen t s  B '  
U 
s = .0174 - G t  
L 
, per degree of twist over  t o t a l  l e n g t h  
Using G = .367E and t h e  fac t  t h a t  one degree of misalignment 
causes .707 degrees of twist, 
s = t. .00452 - , p e r  degree of misalignment (15) L 
Equations (14) and (15) show t h a t  t h e  t o r s i o n a l  stress 
is q u i t e  s m a l l  i n  c o m p a r i s o n  t o  t h e  f la twise bending stress. 
The t o r s i o n  c a u s e s  less t h a n  a 3% i n c r e a s e  i n  t h e  maximum 
p r i n c i p a l  stress, it  w i l l  be ignored. 
Extension and Compression.- When a Bossler coupl ing  is 
subjected t o  a n  a x i a l  load t h e  end plates  act  d i f f e r e n t l y  from 
t h e  i n t e r i o r  plates  because t h e  end p l a t e s  are  bolted t o  end 
f i t t i n g s  which t y p i c a l l y  a r e  s u f f i c i e n t l y  r i g i d  t o  r e s t r a i n  
r ad ia l   d i sp l acemen t .  T h i s  r e s t r a i n t   i n d u c e s  edgewise moments 
i n  t h e  end plates  which are n o t  p r e s e n t  i n  t h e  i n t e r i o r  p l a t e s .  
The s t r u c t u r a l  behavior can be understood by cons ide r ing  
a s i n g l e  Bossler p la te  subjected t o  a n  a x i a l  load P which causes  
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Moment Diagrams. - 
Def in i t ions :  
subscr ip t  e = edgewise 
subscr ip t  f = flatwise 
a = e f f e c t i v e  length  i n  
bending 
H =  f 
1 . 5  E16 
a f  
9 
a e  'e - 
- 2.121 E I e  
2 d (17) 
External  work - i n t e r n a l  work 
2 edgewise f l a t w i s e  
I t  was concluded from tes t  d a t a  t h a t  t h e  effective length  
fo r  edgewise  bending  2ae = .707d, and  tha t  t h e  effective l eng th  
fo r  f l a twi se  bend ing  2a f  = .667d = L. The r e d u c t i o n  i n  effec- 
t i v e  l eng th  fo r  f l a twi se  bend ing  is a t t r i b u t e d  t o  clamp-up i n  
t h e  j o i n t s .  
The a x i a l  s p r i n g  rate, ka, f o r  a s i n g l e  Bossler p l a t e  
l o c a t e d  a t  t h e  end of a coupl ing becomes: 
ka  end = 4u ~3 [1.679 (E)2 + 1) 
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For  an  in t e r io r  p l a t e  no  edgewise  moments a re  induced ,  t h u s :  
E1 
ka i n t e r i o r  = 48 Ls 
The e f f e c t i v e  a x i a l  s p r i n g  rate,  (Ka)c f o r  a coupl ing  w i t h  n 
plates becomes: 
1 
" - 2 +  n - 2  
(Ka ka  end  ka i n t e r i o r  
1 (Ka), = ___ 
L3 2 
1.679 (Sb/dt)Z + 1 
The l o c a t i o n  of t h e  maximum stress produced by a n  a x i a l  
load  is not  obvious.  For a g iven   ax ia l   l oad ,  t h e  f l a t w i s e  
bending moments a r e  l a r g e r  i n  t h e  i n t e r i o r  p l a t e s  t h a n  i n  t h e  
e n d  p l a t e s ;  however, t h e  end plates  experience edgewise bending 
moments n o t   p r e s e n t   i n  t h e  i n t e r i o r  p l a t e s .  The l o c a t i o n  of 
t h e  maximum stress can be found using Equations (16) t h r o u g h  
(19) as follows. Assume  t h a t  t h e  stress i n  t h e  end p l a t e  is 
t 'he a d d i t i o n  of t h e  f l a t w i s e  stress p l u s  1.6 times t h e  edgewise 
stress. The f a c t o r  1 . 6  is a stress concen t r a t ion  factor for 
edgewise bending   in  a t y p i c a l   c o r n e r  f i l l e t  r a d i u s .  The stress 
c o n c e n t r a t i o n  factor  does n o t  v a r y  g r e a t l y  i n  t h e  range  of in-  
terest  f o r  Bossler p l a t e s ,  a s  c a n  be seen  from t h e  va lues  shown 
below (Reference 2). 










For any given ax ia l  load, 
end ka i n t e r i o r  
sf end - 1 
sf in te r ior  1 .679(z)2+ Sb 1 
From Equations (16) and (17)  for  an end plate:  
Me - 
Mf end 
= 1.259 - d 
Using 6 = Mc/I, and introducing t h e  notch factor  11.6, g e t :  
re  = 2.014 $ 
sf end 
Combining Equations  (21)  and  (22), 
6e nd - ((Ti5 + cf )end  - 1 + 2.014  (bS/td) 
(5nter ior  6f i n t e r i o r  1 + 1.679  (bS/tdl2  (23) 
Equa t ion  (23 )  s t a t e s  t h e  r a t i o  of maximum combined  bending 
stress i n  t h e  e n d  p l a t e  t o  t h e  maximum bending stress i n  a n  i n -  
t e r io r  p l a t e  for any   ax ia l   l oad .  A p l o t  of Equation  (23) is 
shown i n  F i g u r e  1. 
12 
nd 
5 n t e r i o r  
Estimated range f o r  
coupl ings  used  in  power 
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F igu re  1. Ra t io   o f   S t r e s ses  
for  Axial  Loading 
It is concluded  tha t  t h e  bending stress induced by ex- 
t e n s i o n  or compression of the coupling is t y p i c a l l y  h i g h e r  i n  
a n  e n d  p l a t e  t h a n  i n  a n  i n t e r i o r  p l a t e .  
Having Figure  1, t h e  ca l cu la t ion  o f  stress f rom an  ax ia l  
load  or d e f l e c t i o n  i n  any  coupling is v e r y  s i m p l e .   F i r s t ,   f i n d  
t h e  a x i a l  l o a d  P on t h e  coupl ing.  The a x i a l  l o a d  f o r  any de- 
f l e c t i o n  c a n  be found us ing  the  spr ing  cons tan t  (Ka), g iven  by 
Equat ion  (20) .   Next ,   calculate   the stress i n  a n  i n t e r i o r  p l a t e  
u s  ing, 
Then, m u l t i p l y  t h e  (r i n t e r i o r  by t h e  a p p r o p r i a t e  f a c t o r  f r o m  
F igure  1 t o  f i n d  t h e  stress i n  t h e  end p l a t e .  
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C e n t r i f u g a l  : 
cause both an axir  
I C  
I 
Dads.- Ro ta t ion  p roduces  ine r t i a  fo rces  which 
m d  and an edgewise bending moment i n  t h e  
elements.  The in t e rna l   oads   and  
t h e  stresses which resul t  can be 
der ived from t h e  fixed-ended beam 
i d e a l i z a t i o n  shown below. 
1 
P P 
/til\\\ 4-4 - ”+ 
I ignore  ‘‘ kAdit+w’ 
2.828 g 
2 2  p 2 3  d btw p d btw 
8g 
P =  M =  
67.87 g 
Using a stress c o n c e n t r a t i o n  f a c t o r  = 1.6 on edgewise bending, 
t h e  stress i n  t h e  f i l l e t  becomes P/A + (1.6)(6Y)/tb2 
6 =  p2d2w -[I + 1.131 -$] 
8g 
Equation  (24) is shown g r a p h i c a l l y  i n  F i g u r e  2. F igure  2 
was prepared  us ing  a u n i t  weight corresponding t o  nickel  maraging 
s tee l .  For a t i t an ium coupl ing ,  t h e  stresses would be only  56% 
of t h e  v a l u e s  shown. 
The d o t t e d  l i n e s  i n  F i g u r e  2 demonstrate  t h e  u s e  of t h e  
c u r v e s .  For t h e  example shown, a t  6300 rpm, w i t h  d = 8 inches,  
and d/b = 8 ,  t h e  maximum stress from c e n t r i f u g a l  l o a d s  is 26 k s i .  
Such a s t e a d y  stress would cause less t h a n  a 9% r e d u c t i o n  in t h e  
a l l o w a b l e  a l t e r n a t i n g  stress i n  a nickel  maraging s tee l  coupl ing  
w i t h  a n  u l t i m a t e  s t r e n g t h  i n  t h e  300 k s i  range. T h i s  r e su l t  is 
typical .   Except  for  h igh   speed   app l i ca t ions ,  the  c e n t r i f u g a l  
f o r c e s  w i l l  have only a s econdary  e f f ec t  upon t h e  endurance. 
14 
200 
MATERIAL: w=.289 lbs / in .  
180 
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Tangential Velocity at Bolt-Circle, ft/sec. 
Figure 2 .  Maximum Stress From 
Centrifugal Loads 
I .. 
Crit ical  Speed.- The v e r y  s i m p l e  i d e a l i z a t i o n  shown here 
provides a pre l iminary  estimate of the f u n d a m e n t a l  c r i t i c a l  
speed. An example  using a more g e n e r a l  a p p r o a c h  s u i t a b l e  for  
f i n a l  a n a l y s i s  is described i n  a s e p a r a t e  s e c t i o n  b e g i n n i n g  
on  Page 88. 
f -  one coupling + f a s t e n e r s  
I d e a l i z a t i o n . -  
-Ms = mass of c e n t e r  s h a f t  + 
one coupling + f a s t e n e r s  
From Equat ions (25) and (26), it  is appa ren t   t ha t  t h e  
c r i t k c a l  speed is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  o f f s e t  d i s -  
t ance  S. Thus, i n  computing t h e  c r i t i c a l  speed, i t  is 
i m p o r t a n t  t o  u s e  a value for  S which inc ludes  any  ax ia l  
ex tens ions  of t h e  coup l ing  t h a t  may be encountered i n  service. 
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DESIGN GUIDELINES 
In t roduct ion . -  Us ing  the  prev ious ly  der ived  ana lys i s  
formulas ,   design f o r m u l a s  a re   deve loped   here .   Thei r   p r imary  
purpose is t o  show t h e  pe r fo rmance  tha t  can  be  ob ta ined  i f  t h e  
coupl ing  is p ropor t ioned   e f f i c i en t ly .   Fo r tuna te ly ,   t he   fo r -  
mulas a r e  s i m p l e ;  many o f  t h e  e f f e c t s  of changes i n  t h e  d e s i g n  
pa rame te r s   a r e  r e a d i l y  apparent  by inspect ion.   Other  less 
o b v i o u s  c h a r a c t e r i s t i c s  are  descr ibed using graphs.  
Plate  Thickness . -  An optimum design for  misal ignment  capa-  
b i l i t y  u s e s  t h e  minimum t h i c k n e s s  t h a t  p r o v i d e s  t h e  r e q u i r e d  
t o r q u e   s t r e n g t h .  From Equa t ion   (2 ) ,   t h i s   t h i ckness  is: 
In  the  fo l lowing  eva lua t ions  i t  is assumed t h a t  t h e  t h i c k n e s s  
w i l l  be chosen  in  accordance  w i t h  Equation (27). 
Weight.- The weight of any coupling using minimum t h i c k -  
n e s s  p l a t e s  is: 
W = 2.828 wnbdt 
1 4 2  - - 
1.3 
W = 1.249 w ( 2 )  d b n 
F igu re  3 shows a p l o t  of Equation (28) for a coupl ing  
using  d/b = 7.5 made from  nickel  maraging s t ee l .  I f  t i t a n i u m  
p l a t e s  a r e  u s e d ,  the  weight  is 67% of t h e  weight shown i n  




FOR NICKEL MARAGING STEEL 
E = 2 7 0 0 0   k s i  
w = .289 l b s / i n  
d/b = 7 . 5  
10 100 
Tu, k i p - i n c h e s  
F i g u r e  3.  Tota l   Weight  of P l a t e s  
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Uniform Angular Misalignment.- T h i s  is t h e  s imples t  t ype  
of  misalignment. I t  e x i s t s  when t h e  c e n t e r l i n e  of t h e  inpu t  
and o u t p u t  s h a f t s  i n t e r s e c t  a t  t h e  c e n t e r  of t h e  coupl ing  both 
before   and  af ter   misal- ignment ,  as  shown below. The  misalignment 
is d i s t r i b u t e d  e q u a l l y  t o  each  p la te .  
COUPLING 
When t h e  s h a f t  is rotated, a n  a l t e r n a t i n g  f l a t w i s e  b e n d i n g  
stress is induced i n  each element. From Equation (14), 
o-= + .0276 E t  8 - n 
Using L = .667d  and t from Equation (271, 
2 1  
"
3 3  
Cuniform = + .01827 @E T - 1 
a n g l e  
~~ 
d 3 3 '  b n o 7  
Assuming t h a t  t h e  a l lowable angle  change is governed pr imari ly  
by t h e  a l t e r n a t i n g  flatwise bending stress, 
2 1  
3 5 .7 
d b n  Cc e = 54.7 I'z 
3 
TU E3 
Equation (30) is a performance  equation. It  s t a t e s  the maximum 
a l lowable  uni form angular  misa l ignment  tha t  can  be ob ta ined  when 
t h e  mean t e n s i l e  stress is zero. A conserva t ive   ad jus tment  fo r  
mean stress is t o  reduce t h e  a l lowable  angle  by t h e  percentage  
t h a t  t h e  mean stress b e a r s  t o  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h .  
A pr imary  con t r ibu to r  t o  mean stress is cen t r i fuga l  l oad ing .  
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I f m a t e r i a 1 , p r o p e r t i e s  a n d  a r a t i o  of b/d are  in t roduced  
in to  Equa t ion  (30 ) ,  t h e  per formance  can  be  expressed  in  graph-  
i ca l  form, a s  shown i n  F i g u r e  4.  These curves  are  based upon: 
(1) An assumed r a t i o  of  endurance l i m i t  t o  modu lus ,  
Qc/E-667 = .389 psi=33?  This   corresponds t o  
an endurance limit of 35 k s i  i n  nickel  maraging 
s tee l  or 25 k s i  i n  t i t a n i u m .  Such  endurance limits are 
a t t a i n a b l e  w i t h  known s u r f a c e  p r o p e r t i e s  a n d  d e t a i l  
j o i n t  d e s i g n .  
(2) A r a t i o  of d/b = 7 .5 .   Subs t i t u t ing  r c / E '  = .389 667 
and d/b = 7.5  in to  Equat ion  ( 3 0 )  g i v e s :  
8/d = 10.87~1' /Tu , shown i n  F i g u r e  4.  7 .333 
Use of t h e  c u r v e s  is shown by t h e  following  example.  For 
a r equ i r ed  u l t ima te  to rque  = 50,000 in-lbs,  t h e  u s e  of 3 p l a t e s  
g i v e s  0 / d  = .637. If a coupl ing w i t h  d = 8 inches  is used, t h e  
a l lowab le  ang le  is .637 x 8 = 5 .1  degrees. 
TU, kip- inches 
F igure  4 .  Allowable  Uniform  Angular  Misalignment,   Infinite L i f e  
20 
P a r a l l e l  O f f s e t  Misalignment.- T h i s  c o n d i t i o n  is most o f t e n  
u s e d  t o  specify  coupl ing  performance.  It e x i s t s  when t h e  inpu t  
a n d  o u t p u t  s h a f t s  r e m a i n  p a r a l l e l  b u t  a r e  d i s p l a c e d  l a t e r a l l y ,  
a s  shown below. I n  t h i s  case t h e  c o u p l i n g  p l a t e s  do not  share 
t h e  misalignment  uniformly. The plates  a t t a c h e d  t o  t h e  inpu t  
a n d  o u t p u t  s h a f t s  have t h e  g rea t e s t  mi sa l ignmen t ,  a s  shown by 
t h e  moment diagram. 
B = 57*3 ', degrees 
2Sl  
bW MOMENT DIAGRAM 
The e v a l u a t i o n s  which follow a r e  made using t h e  parameter 
B .  The ske tch  shows B t o  be a f i c t i t i o u s  concen t r a t ed  ang le  
which is equ iva len t  t o  t h e  a c t u a l  d i s t r i b u t e d  angle .  
L e t :  
9 i  = ang le  change  in  p la te  i, degrees  
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I 
f o r  1 p l a t e  a t  e a c h  end, 
f o r  n p l a t e s  a t  e a c h  end, 
d =  
6 =  
d =  
B =  
2SlO1 + 2S2S281 
57.3  57.3 s1 
2snSne1 
57.3 s1 
+ ... + 
R el = - 
a2 
Using L = .667d i n  Equation (14) shows t he  f l a twi se  bend ing  
stress i n  p l a t e  1 t o  be: 
.0276 E t 0 1  
( r =  + - .667d 
5 a r a l l e l  
o f f s e t  
2 1  - 
3 5 .3 + ,01827 R E TU n - - 
2 1  
d  b a2 3 5  
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Like Equation (301, Equation  (32) is a performance  equation. 
It  a l so  can be reduced t o  performance c u r v e s .  Assuming, a s  be- 
fore, t h a t  = .389 psi*333 and d/b = 7.5, Equation  (32) 
becomes : 
Figure  5 shows Equation (33) f o r  S / s l  = .05 and . l o .  For 
S/sl-O, corresponding t o  a long  cen te r  sha f t ,  t h e  c u r v e  shown 
i n  F i g u r e  4 can be used  w i t h  0 = 0 .  The performance for other 
va lues  of S/sl can be es t imated  by i n t e r p o l a t i o n  or c a l c u l a t e d  
using Equat ion (33) . 
General.-  From the  preceding  eva lua t ions  and  by judgment, 
t h e  f o l l o w i n g  g u i d e l i n e s  a r e  recommended fo r  least  weight .  design.  
Fo r  f ina l  op t imiza t ion ,  t r ade -o f f  s t u d i e s  should  be made. 
(1) Size of p l a t e s  - Use t h e  l a r g e s t  d c o n s i s t e n t  w i t h  
envelope   and   cen t r i fuga l  force loading.   Usual ly ,  
c e n t r i f u g a l  f o r c e  w i l l  not  be a problem below 
300 ft /sec.  t i p  speed. 
(2) Number of p l a t e s  - Use t h e  least  n c o n s i s t e n t  w i t h  
t h e  required performance. 
(3) Thickness of p l a t e s  - Use t h e  s m a l l e s t  t c o n s i s t e n t  
w i t h  t h e  r e q u i r e d  ul t imate  torque. 
(4)  J o i n t   d e t a i l s  - Be conse rva t ive .  Use h i g h  s t r e n g t h  
t e n s i o n   f a s t e n e r s  w i t h  h igh  preload. P r o v i d e   f r e t t i n g  
p r o t e c t i o n .  Make e lement   cen ter l ines   and  bo l t  c e n t e r -  
l i n e s  i n t e r s e c t  a t  a p o i n t .  
(5 )   Of f se t   d i s t ance  - U s e  the smallest S c o n s i s t e n t  
X t h  c l e a r a n c e .  
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Figure 5 .  Allowable  Angle for Para l l e l  
Offset  Misalignment,  Infinite 
L i f e  
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COMPUTER  ANALYSIS 
In t roduct ion . -  The s i m p l i f i e d  a n a l y s i s  p r e s e n t e d  i n  t h e  
p reced ing  sec t ions  is based upon symmetry and engineering judg- 
ment regard ing  t h e  f i n a l   d e f l e c t e d   p o s i t i o n s .   F o r t u n a t e l y ,  t h e  
s i m p l i f i e d  a n a l y s i s  is i n  good agreement wi th  test  resu l t s  which 
a r e  r e p o r t e d  i n  l a t e r  s e c t i o n s .  
An a l t e r n a t i v e  a n a l y s i s  is a l s o  p o s s i b l e .  The coupl ing 
can be analyzed as  a l i n e a r ,  r e d u n d a n t ,  e l a s t i c  f r a m e  wi th  no 
assumptions regarding symmetry or deflected pos i t i on ,  bu t  m e r e l y  
en fo rc ing  con t inu i ty .  Such a n  a n a l y s i s  is both f e a s i b l e  a n d  
rou t ine  us ing  t h e  computer programming s y s t e m  c a l l e d  STRESS, 
Reference 3. 
In  t h i s  s e c t i o n ,  t h e  app l i ca t ion  o f  STRESS t o  t h e  a n a l y s i s  
of  Bossler  couplings is described i n  d e t a i l .  The d e s c r i p t i o n  
inc ludes  t h e  i d e a l i z a t i o n  of t h e  c o u p l i n g  f o r  a n a l y s i s  a n d  a l s o  
examples of computer  input  and o u t p u t .  The examples  chosen 
c o r r e s p o n d   t o   b a s i c  tes t  condi t ions.   Detai led  comparisons of 
t h e  computer resu l t s  t o  t e s t  d a t a  a r e  p o s t p o n e d  t o  l a t e r  s e c t i o n s  
which a r e  d e v o t e d  s p e c i f i c a l l y  t o  t h e  tests.  
I n  t h e  l a t e r  s e c t i o n s ,  it w i l l  be found tha t  t h e  computer 
r e s u l t s  a r e  good b u t  n o t  s u p e r i o r  t o  t h e  resu l t s  from t h e  s i m -  
p l i f i e d  a n a l y s i s .  The p r i n c i p a l  v a l u e  of t h e  computer  a n a l y s i s  
approach is its a b i l i t y  t o  t r e a t  more complicated geometr ies  
which lack  symmetry. Such geometries include  coupl ings w i t h  
non-square  p la tes ,  unequal  e lements ,  and  unusual  end  f i t t ings .  
I n p u t  Def in i t i ons . -  Reference 3 is a s h o r t ,  55 page, 
manual which s t a t e s  a s  c o n c i s e l y  a s  p o s s i b l e  t h e  STRESS i n p u t  
language. For a f u l l  understanding  of t h i s  s ec t ion ,   acqua in t -  
ance w i t h  Reference 3 is e s s e n t i a l .  
I d e n t i f i c a t i o n  numbers and coordinates were de f ined  so a s  
t o  s i m p l i f y  input   p repara t ion   and  o u t p u t  i n t e r p r e t a t i o n s .  The 
d e f i n i t i o n s  shown on t h e  following pages have these advantages:  
1. r epe t i t i ve  r e g u l a r i t y .  
2. a p p l i c a b i l i t y  t o  coupl ings w i t h  any number of 
p l a t e s ,  w i t h o u t  d e s t r o y i n g  r e g u l a r i t y .  
3. s i m p l e   d e f i n i t i o n  of loading   (a t  node number 1). 









Figure 6.  Global  Coordinates and Numbering Convention 
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I’ 6 
BETA = 0 BETA = 90 
MEMBERS 1 293 
NOTES:  PLANE-A SHOWN SHADED. 
PLANE-A AND BETA DEFINED IN REF. 3 
BETA = 90 
MEMBERS 5 ,11 ,13 ,19  
Y ’  
BETA = 0 
6,8,14,16 
BETA = 0 
4,10,12,18 
BETA = 90 
7 , 9 , 1 5 , 1 7  
Figure 7 .  Local  Coordinates 
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The i d e n t i f i c a t i o n  s y s t e m  e s t a b l i s h e d  h e r e  is used, not  
o n l y  f o r  t h e  computer analysis,  but a lso f o r  t h e  d i s c u s s i o n  of 
resu l t s  from stress tests r e p o r t e d  i n  a la ter  s e c t i o n .  
Sca le . -  In  the f i r s t  a t t e m p t  t o  u s e  STRESS f o r  t h e  a n a l y s i s  
of B o m c o u p l i n g s ,  n o  s c a l e  f a c t o r  was used.  The at tempt  
f a i l e d .  No errors i n  i n p u t  c o u l d  b e  f o u n d ;  a l l  was in   agreement  
with  Reference*3 . Fortunately,   however,   past   experience  enabled Mr. David Wang t o  diagnose t h e  d i f f i c u l t y .  The elements had 
too small a moment o f  i n e r t i a  ( l e s s  t h a n  10-5 i n c h e d )  f o r  t h e  
STRESS program.  In a l l  subsequent  cases,  good results have  been 
obta ined  merely by s c a l i n g  up a l l  dimensions by a f a c t o r  of 10. 
I n  o r d e r  t o  preserve equal  stress and  sca l ed  de f l ec t ions ,  t h e  
app l i ed  fo rces  a l so  have  been  sca l ed  up by 100  and moments, by 
1000. 
R e s u l t s . -  The t o t a l  o u t p u t  f r o m  STRESS was v e r y  lengthy. 
Only t h e  most s i g n i f i c a n t  resul ts  a r e  e v a l u a t e d  i n  l a t e r  dis-  
c u s s i o n s   o f   s t r a i n   a n d   s t i f f n e s s  tests. Here, however,the 
en t i re  input  and output  is presented  for  f o u r  bas ic  loading  
cond i t ions ,  t h ree  o f  which correspond t o  simple tests performed 
upon steel  coupl ings.  The test c o n d i t i o n s  a r e  shown i n  t h e  
fol lowing ske tch .  
Loading 1 




4 . 6  
4 
None 
One impor t an t  f ea tu re  t o  be noted i n  t h e  input  is t h e  u s e  of 
j o i n t  r e l e a s e s  a t  j o i n t s  11 and 12 and member r e l e a s e s  f o r  
members 2 and 3 a t  j o i n t s  3 and 4.  These releases a l l o w  s l i p -  
page t o  occur about t h e  b o l t  a x e s  a t  t h e  end f i t t i n g s .  I n  t h e  
output ,  t h e  l o c a t i o n s  o f  i n f l e c t i o n  p o i n t s  a r e  s e e n  t o  agree  
w i t h  t hose  assumed i n  t h e  s i m p l i f i e d  a n a l y s i s .  
* Project   Analyst ,   Service  Bureau  Corporat ion,  N.Y., N.Y. 
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5 4 5  
6 3 5  
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Conclusions.-  Bossler  coupl ings can be analyzed using 
STRESS, R e s u l t s  from tests r e p o r t e d  i n  f o l l o w i n g  s e c t i o n s  
show tha t  STRESS is in  r easonab ly  good agreement wi th  m i s -  
al ignment test  resu l t s  and i n   f a i r  agreement w i t h  a x i a l  test  
results. The degree of agreement  can be improved by using 
experimentally determined, non-uniform properties which take 
i n t o  a c c o u n t  effective l eng th  lost  i n  t h e  clamp-up a t  t h e  
j o i n t s .  
The u s e  of STRESS for  t h e  a n a l y s i s  of non-symmetrical 
coupl ings is j u s t i f i e d .  T h i s  conclusion  can be reached from 
t h e  work here in  because  t h e  STRESS program solved t h e  present  
examples as i f  t h e y  were non-symmetrical s t r u c t u r e s .  
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TORQUE TESTS 
In t roduct ion . -  T h i s  s e c t i o n  p r e s e n t s  a n d  eva lua te s  u l t i m a t e  
to rque  tests of Bossler  couplings.   Four t o p i c s  a r e  covered. 
d e s c r i p t i o n  of t es t s  and  p resen ta t ion  of test  
resu l t s ;  
p r e d i c t i o n  of c r i t i c a l  b u c k l i n g  t o r q u e s  f r o m  p r e -  
buck led  de f l ec t ion  da ta ;  
development of an  empir ica l  re la t ionship ,  Equat ion  
(21, t o  predict to r s iona l  s t r eng th  f rom coup l ing  
d imens ions  and  mater ia l  p roper t ies ;  
comparison of observed t o r s i o n a l  s t i f f n e s s  w i t h  
t h e o r e t i c a l  s t i f f n e s s ,  Equation (3). 
T e s t  Condi t ions.-  A s i m p l e  r i g  was made t o  a p p l y  pu re  
torque t o  s i n g l e  c o u p l i n g  specimens. The r i g  is shown 
s c h e m a t i c a l l y  i n  t h e  fol lowing sketch. 
c a b l e  t o  support  weight 
of loading beam 
loading beam, very stiff 
tension load,  one each side, 
s t r a i n  gaged t o  measure load 
X = a x i a l  d e f l e c t i o n  of j o i n t  
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Rotation of t h e  coupl ing was measured w i t h  d i a l  i n d i c a t o r s  a t  a 
r a d i u s  of  12.4  inches. The d i a l  i n d i c a t o r s  had a l e a s t   r e a d i n g  
of ,001 inches,  t h u s  providing a minimum reading of coupling 
ro t a t ion  o f  . 0046  degrees .  Ax ia l  de f l ec t ions  X of j o i n t s  were 
measured w i t h  d i a l  i n d i c a t o r s  w i t h  a l e a s t  r e a d i n g  of .0001 
inches.  
T e s t  Specimens.- Two types  of  coupling were t e s t e d .  They 
d i f f e r e d  i n  s i ze  and' ma te r i a l .  The tes t  v a r i a b l e s  for  each t y p e  
was t h e  number o f  p l a t e s .  The proper t ies  for  each  spec imen type  
a r e  shown below. A t o t a l  of s i x  c o u p l i n g s  were tested. 
Mater ia l  
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* n i c k e l  maraging s teel ,  
I1 
Aluminum ** 
10500 k s  i 
45 k s  i 
8.00  inches 
.75  inches 
1.06 inches  
.16 inches  
2 ,4 ,4 ,6 
Grade 300, aged 3 hours  a t  900°F ** aluminum a l l o y  2024-T3, QQ-A-250/5. 
T e s t  R e s u l t s . -  Figure 8 shows c u r v e s  of t o r q u e  versus  ro- 
t a t i o n  f o r  a l l  tests. Table 1 lists a x i a l  d e f l e c t i o n  d a t a  for 
a l l  three tests of Type I1 c o u p l i n g s .   I n s t a b i l i t y  l imited t h e  
t o r q u e  capac i ty   o f  t h e  coupl ings.  The i n s t a b i l i t y  was char- 
a c t e r i z e d  by a x i a l   m o t i o n s   o f   i n t e r i o r   j o i n t s .  The cusps  i n  
t h e  c u r v e s  shown i n  F i g u r e  8 correspond t o  ax ia l  mot ions  so  
l a r g e  a s  t o  permi t   contac t  between bol t   heads .  It  is apparent  
from t h e  shape of t h e  c u r v e s  t h a t  s t a b i l i t y  was i n c r e a s e d  a f t e r  
t h e  bol ts  contac ted .  The f i n a l  mode of f a i lu re  was a n  i n e l a s t i c  
buckl ing of a compression element.  
The c u r v e  f o r  t h e  t es t  of a  Type I coupl ing w i t h  n = 4 is 
p a r t i c u l a r l y   i n f o r m a t i v e .   I n  t h i s  test  t h e  torque  was cycled 
twice before  t h e  f i n a l  test  t o  f a i l u r e .  The c u r v e  shows t h a t  
t h e  behavior  was e l a s t i c  f o r  t h e  first load cycle, and very 
near ly  so  f o r  t he  second cycle. The s l i g h t  permanent   rotat ion 
which r ema ined  a f t e r  t h e  second load  appl ica t ion  is a t t r i b u t e d  
t o  s e a t i n g  i n  the bol ted  connec t ions  or s l i g h t  i n e l a s t i c  be- 
havior.  The  c a u s e  f o r  t h e  hysteresis shown i n  t h e  c u r v e s  is 
not known d e f i n i t e l y ;  it is a t t r i b u t e d  t e n t a t i v e l y  t o  f r i c t i o n  
in t h e  j o i n t s .  
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PLATEAU I N D I C A  
THAT COULD NOT 
TA I NED 
n = 4  
SS TORQUE T P E  I COUPLINGS 
3E AT- S EEL, d = 4 . 5  I N .  - t 
DATA POINTS F R F I R S T  CYCLE 
o DATA POINTS F t R SECOND CYCLE - FINAL CYCLE, POINTS NOT 
SHOWN 
EXTENSION WITH 
CHANGE  OF SCALE 
2 3 
T o r s i o n a l   R o t a t i o n ,  degrees 





















TORQUE  VERSUS A X I A L  DEFLECTION 
These data  are  s imultaneous readings of t o rque  and  ax ia l  
d e f l e c t i o n  a t  t h e  i n t e r i o r  j o i n t  which experienced the largest  
d e f l e c t i o n  d u r i n g  t h e  tests of Type I1 coupl ings.  
T = Torque, kip-inches 
X = Axial Deflection, Inches-4 




































































































































Southwell-Lundquist   Plots.-   Reference 4 p r e s e n t s  a method 
* 
f o r  determining t h e  e l a s t i c  s t a b i l i t y  load from simultaneous 
r ead ings  of load a n d  d e f l e c t i o n .  The method has  both theo- 
r e t i ca l  and  prac t ica l  impor tance  because it pe rmi t s  t h e  c r i t i c a l  
load t o  be determined from non-des t ruc t ive  tests. B r i e f l y  s u m -  
marized, t h e  method c o n s i s t s  o f  p l o t t i n g  (X-XI)  ve r sus  (X-X1) /  
(T-Ti ) ,  where X and T a r e  r e a d i n g s  of de f l ec t ion  and  load ,  
r e s p e c t i v e l y .  X 1  and T 1  a re  i n i t i a l  r e a d i n g s  which may cor- 
respond t o  any  load less t h a n  t h e  c r i t i c a l  load. For  columns 
t h e  p o i n t s  so  p l o t t e d  w i l l  l i e  on a s t r a i g h t  l i n e * * .  The 
c r i t i c a l  l o a d  is t h e  s lope of t h e  l i n e  p l u s  T1. 
The  method was a p p l i e d  t o  t h e  r e a d i n g s  g i v e n  i n  Table 1. 
The  r e su l t s  a r e  p l o t t e d  i n  F igure  9. In   genera l ,  t h e  d e f l e c t i o n  
r e a d i n g s  a t  low torque l e v e l s  were small  and e r r a t i c  making i t  
necessary t o  u s e  r e l a t i v e l y  l a r g e  v a l u e s  f o r  i n i t i a l  r e a d i n g s ,  
X 1  and T1. R e s u l t s  a re  shown fo r  s e v e r a l  choices for  i n i t i a l  
read ings .  
Lines  connect ing t h e  p o i n t s  show a c h a r a c t e r i s t i c  s h a r p  
bend w h i c h  d i v i d e s  each l i n e  i n t o  two segments,  each of which  
is nea r ly  a s t r a i g h t  l i n e .  The g radua l  bend i n  t h e  l i n e  a t  
l a rge  d e f l e c t i o n s  is a t t r i b u t e d  t o   i n e l a s t i c   b e h a v i o r .   I n  t h e  
tes t  w i t h  n = 2, i n e l a s t i c  b e h a v i o r  appears t o  have begun even 
i n  t h e  first l ine  segments .  
The c r i t i c a l  buckl ing  torques  deduced from t h e  i n i t i a l  
slopes of these l i n e s  a r e  l i s ted  i n   F i g u r e  9. I t  was found 
t h a t  t h e  deduced buckl ing  torques  cor respond approximate ly  to  
t h e  c u s p s  i n  t h e  t o r q u e  r o t a t i o n  c u r v e s .  
* Herein, t h e  o rd ina te s  and  absc i s sa  a re  r eve r sed  f rom those 
in  Refe rence  4 s o  t h a t  t h e  slope of t h e  l i n e  v a r i e s  d i r e c t l y  
a s  t h e  c r i t i c a l  load. ** Reference 5 g ives  r ecen t  i n fo rma t ion  r ega rd ing  t h e  e f fec t  Of 
geometric n o n l i n e a r i t i e s  on t h e  shape of t h e  l i n e .  
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Figure 9. Southwell-Lundquist  Plots (pg, 1 of 2) 
0 .001  .002  .003 
(X-X1)/(T-T1) l / k ips  
1 
SUMMARY 
Cr i t i ca l  Torque From 
I Plots ,  kip- inches 
Second 
1.04 
8.2 7.0 * 8.1 




23.4 17.3 5.21 4 
23.6 16.4  3.12 
22.9 15.8 
1 7.29 I 17.2 1 24.3 * I 19.0 25.5 
16.7 
50.5 38.5 20.8 2 
50.5 37.5 
22.9 53.1 35.9 
2 
* 36.5 
* Fi r s t  cusp ,  Second  cusp, or maximum 
torque from  Figure 8. Included here  
t o  f a c i l i t a t e  comparisons. 
Figure 9.  Southwell-Lundquist  Plots (Pg.  2  of  2) 
Equation for  Tors iona l  S t rength . -  An equat ion (Equat ion 2)  
f o r  t o r s i o n a l  s t r e n g t h  of a coupl ing was developed from a con- 
s i d e r a t i o n  of a s ing le  e l emen t .  The element was i d e a l i z e d  a s  a 
s imple s t r u t  w i t h  e l a s t i c  c o n s t r a i n t s  a t  e a c h  end, a s  shown i n  
t h e  fol lowing ske tch .  
a c t u a l  c a s e  
i d e a l i z a t i o n  
.707 T /d 
U 
Typical ly ,  t h e  e l emen t s  a re  slender enough to f a i l  by 
e l a s t i c  i n s t a b i l i t y ,  The E u l e r  buckl ing load f o r  the element 
limits t h e  to rque .   Le t t i ng  a = t h e  f i x i t y  c o e f f i c i e n t  which 
accounts  for  end r e s t r a i n t ,  E u l e r ' s  formula becomes, for  the 
coupl ing:  
.707 Tu/d = a r2EI/( .707 d)2  
Tu = 2.3267 a bt3E/d 
The above equation could be used t o  c a l c u l a t e  t h e  t o r s i o n a l  
s t r e n g t h  i f  a were known. 
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An e m p i r i c a l  v a l u e  f o r  a was determined from the test da ta  
f o r  Type I1 specimens,  aluminum w i t h  d = 8 inches.  The va lue  
a = 5.0 n--9 f i t s  t h e  test da ta  reasonably  well as shown by 
Figure  10.  
I 
X 
0 T o r q u e  a t  f i r s t  cusp,  Fig. 8 
-i- Highes t  to rque  sus ta ined ,  
X Cr i t i ca l   t o rque ,   Sou thwe l l ,  
El Calcula ted ,  E u l e r  w i t h  f i x e d  
I 
Fig. 8 
Fig.  9 
ends,   length = .9(.707 d )  
Equation (2)  
- Calculated  using a = 5.0 n-Og 
Number of p l a t e s ,  n 
Figure  10.   First   and  Terminal  Buckling  Torque 
v e r s u s  Number of P l a t e s  
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A check on the form of Equation (2) can be provided by a 
comparison of the results of Type I and Type I1 specimens. 
According t o  Equation (2), t h e  r a t i o  of c r i t i ca l  torque between 
Type I and Type I1 specimens with the same n should be:  
bt3E/d, Type I = .349 
bt3E/d, Type I1 
The following comparison shows that .349 T c r i t  from Type I1 
tests is in  reasonable  agreement  w i t h  observed T c r i t ’ s  f o r  
Type I specimens. 
. .” 
n = 4* n = 6  
I ‘ f i r s t  c u s p  .. . . 1 ~ m a x  I ‘ f i r s t  cusp  T,X 
19.5 24.0 
5.6 3.0 9.2 8 . 4  
5.3 2 .4  8 .4  6.8 
15.3 7.0 
* Average  of  two tests f o r  Type I1 
T o r s i o n a l  S t i f f n e s s . -  E x p e r i m e n t a l  t o r s i o n a l  s t i f f n e s s e s  
were c a l c u l a t e d  f r o m  t h e  s l o p e s  of t angen t s  drawn t o  t h e  c u r v e s  
shown i n  F i g u r e  8, us ing  the  equa t ion :  
(JG), = s l o p e  X 57.3 nS, experimental .  
T h e o r e t i c a l  s t i f f n e s s e s  were c a l c u l a t e d  u s i n g  t h e  e q u a t i o n  de- 
veloped on Page 4. 
(JG), = .707 btdES, t h e o r e t i c a l .  
The expe r imen ta l  and  theo re t i ca l  va lues  a re  compared  below. 
The u n i t s  of (JG), are  k ip  inches / rad ian .  
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Specimen Type 
7550 2020 ( J G )  theoret ica 1 
I1 I 
. . . . . -. .. 
n 2 I  AI] 6 4 6 
~ .~ - . . ~. - 
Zero Torque 
(JG), exper imenta l  
experimental/theoretical 
Normal Operat ing T o r q u e *  
(JG), experimental  
- 
experimental/theoretical 
H [I 2090 1750 6880 6450 8200 
* I t  was assumed t h a t  t h e  
." "~ ~=~ 
normal  operat ing torque is one- 
t h i r d  of t h e  t o rque  co r re spond ing  to  t h e  first c u s p  i n  
t h e  moment-rotation c u r v e .  
The comparison shows t h a t  a t  zero t o r q u e  t h e  experimental  
s t i f f n e s s  was approximately equal  t o  t h e  t h e o r e t i c a l  s t i f f n e s s ,  
A t  normal  operat ing torque t h e  e x p e r i m e n t a l  s t i f f n e s s  was roughly 
40% lower. The recommended equa t ion  for  t o r s i o n a l  s t i f f n e s s  
(Equation 3) assumes that  t h e  s t i f f n e s s  is 60% of t h e  theoret ical  
s t i f f n e s s .  
Conclusions.-  The fo l lowing  conclus ions  can  be  drawn from 
t h e  resu l t s  of t h e  u l t i m a t e  torque tes ts .  
The coup l ing  has  h igh  to rque  s t r eng th  and  S t i f fnes s ,  
making it q u i t e  s u i t a b l e  f o r  power t r ansmiss ion  
a p p l i c a t i o n s .  
Equations (2) and (3) provide  r easonab le  e s t ima tes  
of t h e  to rque  s t r e n g t h  a n d  s t i f f n e s s ,  r e s p e c t i v e l y .  
Tor s iona l  s t r eng th  can  be e s t ima ted  from pre- 
buckled d e f l e c t i o n  d a t a  o b t a i n e d  i n  n o n - d e s t r u c t i v e  
tests. 
Addi t iona l  t e s t s  a r e  recommended t o  r e f i n e  t h e  
t o r s i o n a l   s t r e n g t h   e q u a t i o n   ( E q u a t i o n  2). The 
improved equatioll s h o u l d  be a p p l i c a b l e  t o  coupl ings  
w i t h  rec tangular  p lanform and  should  inc lude  t h e  
parameters  (S/d)  and  (nS/length of t h e  c e n t e r  s h a f t ) .  
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STIFFNESS  TESTS, FLEXURAL A N D  AXIAL 
In t roduct ion . -  The des igne r  m u s t  know t h e  s t i f f n e s s  of the 
c o u p l i n g s  i n  order t o  c a l c u l a t e  c r i t i c a l  s p e e d s  a n d  b e a r i n g  
loads induced by shaf t  misalignments or ax ia l  de fo rma t ion .  
. T h i s  s e c t i o n  c o n t a i n s  data f r o m  f l e x u r a l  a n d  a x i a l  s t i f f n e s s  
tests, and' makes comparisons of t h e  d a t a  t o  c a l c u l a t e d  resul ts  
from Equations (10) and ( 2 0 )  and resu l t s  from t h e  computer pro- 
gram STRESS. Equations  (10)  and ( 2 0 )  a r e  i n  good  agreement w i t h  
observed behavior .  
T o r s i o n a l  s t i f f n e s s  d a t a  a r e  n o t  r e p o r t e d  here; t h e y  are 
p r e s e n t e d  i n  t h e  sect ion on Torque Tests. 
T e s t  Apparatus.-  In a l l  s t . i f f n e s s  tests, the coupl ing was 
b o l t e d  t o  a v e r y  stiff horizontal   bench.  A stiff cross made 
from s t e e l  channe l  s ec t ions  was bolted t o  t h e  free end of t h e  
c o u p l i n g .  S t a t i c  l o a d s  were a p p l i e d  t o  t h e  c r o s s  w i t h  dead 
w e i g h t s .  Angular   ro ta t ions  of t h e  cross were detected using 
two d i a l   i n d i c a t o r s   s p a c e d  22 i n c h e s   a p a r t .  The d i a l  i n d i c a t o r s  
have a l e a s t  r e a d i n g  of .001 inches,  giving a minimum reading  of 
angu la r  measurement of 0.000045 r a d i a n s .  
Test Specimens.- A 4-p la t e  s tee l  coupl ing w i t h  d = 8 inches  
was used fo r  f l e x u r a l  s t i f f n e s s  a n d  a x i a l  s t i f f n e s s  tests. The 
b o l t s  t h a t  a t t a c h e d  t h e  coupl ing t o  t h e  bench and t o  t h e  cross 
were 7/16  inches  in  diameter. The b o l t s  t h a t  f a s t ened   coup l ing  
p l a t e s  together were 3/8 i nches   i n   d i ame te r .   I n  two tests re- 
por ted  he re in ,  3/4 inch diameter stand-off washers were used 
between t h e  coupling and t h e  bench and between t h e  coupling and 
t h e  cross. In   one reported tes t ,  no  washers were u s e d .  
Steel  coupl ings  w i t h  d = 4.5 inches  were used f o r  a d d i t i o n a l  
a x i a l   s t i f f n e s s  tests. A l l  bo l t s  were 1 /4   inch   in   d iameter .  The 
number of p l a t e s  v a r i e d  from 1 t o  6. 
Other  dimensions of the plates  and  coup l ings  a re  g iven  in  
t h e  d i s c u s s i o n  pa r t s  of t h i s  s e c t i o n ,  where t h e y  a r e  u s e d  i n  
a p p r o p r i a t e  c a l c u l a t i o n s .  
F l e x u r a l  T e s t  R e s u l t s . -  Moment-Rotation curves are  shown 
on F igure  11 f o r  two tests. Both tests u s e d  washers  between 
t h e  coupling and t h e  bench and between t h e  coupling and t h e  
loading  cross. A moment-rotation c u r v e  for t h e  same coupl ing  
w i t h o u t  washers is g iven  on Figure  12. The c u r v e  w i t h  washers 
is a l s o  shown for  comparison. 
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\+’ STAND-OFF WASHERS 
USED BETWEEN COUP- 
LING AND  BENCH A M )  
BETWEEN COUPLING 
AND  LOADING  CROSS 
/ (EI ) ,  = 16200 lb- in.  2 /rad. 
.01 .02 
Angle R, radians 
.03 
Figure 11. Experimental Moment-Rotation Curves  
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F l e x u r a l  T e s t  Discussion.-  Consider t h e  two tests shown i n  
F igu re  11. The moment i n  one t es t  l ies  i n  t h e  plane  of  the  
mounting bolts, and i n  the other tes t ,  i n  t h e  p l ane  of t h e  non- 
mounting  bol ts .  The p l anes   a r e   mu tua l ly   pe rpend icu la r .  The 
moment-angle cu rves  co inc ide  fo r  both loading cases, producing 
a s i n g l e  moment-angle curve.  The moment-angle curve  is l i n e a r ,  
therefore, t h e  s t r u c t u r e  is elast ic .  Vector add i t ion   o f  moments 
a n d  r o t a t i o n s  may be u s e d  w i t h  r i g o r .  A moment a p p l i e d  i n  any 
plane between t h e  c a s e s  tested may be broken into components 
t h a t  l i e  i n  t h e  p l a n e s  tested. The component moments would 
cause p r o p o r t i o n a l  component r o t a t i o n s  i n  t h e  p l anes  tested. 
The component r o t a t i o n s  could be combined v e c t o r i a l l y  t o  find 
t h e  r e s u l t a n t  r o t a t i o n  i n  t h e  p lane  of t h e  a p p l i e d  moment. I t  
w i l l  be s e e n  t h a t  t h e  r e s u l t a n t  r o t a t i o n  is i d e n t i c a l  t o  t h e  
r o t a t i o n  t h a t  would  occur i f  t h e  a p p l i e d  moment were i n  either 
of t h e  two tes t  p lanes .  It  follows, therefore, t h a t  when t h e  
coupl ing  is r o t a t e d  w h i l e  angular ly  misa l igned ,  t h e  a p p l i e d  
moment w i l l  be constant  in  magnitude.  
The computer program STRESS c a l c u l a t e d  d e f l e c t i o n s  a n d  
ro t a t ions  fo r  moments i n  t h e  p lanes  shown i n   F i g u r e  11. The 
program allowed f ree  r o t a t i o n  of t h e  p l a t e s  abou t  t h e  axes  of 
t h e  mounting bo l t s ,  t h u s  s imu la t ing  free s l i p p a g e  of t h e  s tand-  
off  washers. The computer r e s u l t s  a r e  shown i n  t h e  Computer 
Analys is   Sec t ion  of t h i s  report .  From these resul ts ,  t h e  f l e x -  
u r a l  s t i f f n e s s e s  are  c a l c u l a t e d  t o  be 15,610 and 15,355 pound- 
inchesz/radian.  The st i f  f n e s s e s  d i f f e r  by only 1.7%. STRESS 
c o n f i r m s  c o n s t a n t  f l e x u r a l  s t i f f n e s s  fo r  any direct ion of  bending.  
The f l e x u r a l  s t i f f n e s s  from STRESS is d i f f e r e n t  from t h e  f l e x u r a l  
s t i f f n e s s  from tes t  because STRESS u s e s  an element  length,  L = 
.707 d, which is t h e  d i s t a n c e  from b o l t  c e n t e r  t o  b o l t  c e n t e r .  
The  e f f e c t i v e  element  length,  L, is less than  .707 d because  of 
clamp-up a t  t h e  j o i n t s .  
The e f f e c t i v e  l e n g t h  of an element,  L, can be determined 
from t h e  f l e x u r a l  s t i f f n e s s  tests s own i n  F i g u r e  11. From 
experiment, M/R = 5400 pound-inches 8 / rad ian .  For a f o u r - p l a t e  
coupl ing w i t h  a l eng th  of 4S, or 3 inches,  
(EI ) ,  = (5400) (3) = 16,200 pound-inch /radian 2 
From Equation ( l o ) ,  
( E I ) c  = .886 - Ebt3S 
L 
(L) (16,200) = (.886) ( 2 7 ~ 1 0 ~ )  (1.0695) (.165)3 x .75 
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Figure 12. Experimental  Moment-Rotation  Curve, 
NO Stand-Off Washers Used 
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It is n o t e d  t h a t  L ' i s  p r o p o r t i o n a l  t o  d. For t h e  coupl ing  
tested, d = 8 inches .  Therefore L = .665d.  For  convenience  in 
d e s i g n   c a l c u l a t i o n s ,  u s e  2 
3 
L e "  d. 
I n  a t h i r d  t es t  shown on Figure 12,  s tand-off  washers  were 
not  u s e d .  For t h e  d i r e c t i o n  of a p p l i e d  moment shown in  F igu re  12 ,  
t h e  c o n t a c t  a r e a s  of t h e  coupl ing  end-p la te  attempt t o  r o t a t e  
s l i g h t l y  a b o u t  t h e  axes  of t h e  mounting bol ts .  F r i c t i o n  o v e r  
t h e  broad  contac t  a rea  a t  t h e  mounting b o l t s  allows a p p r e c i a b l e  
moments t o  be developed about t h e  axes  of t h e  mounting bolts.  
These r o t a t i o n s  do not  occur when t h e  d i r e c t i o n  of a p p l i e d  moment 
is perpendicular  t o  t h e  d i r e c t i o n  shown. The s t r u c t u r e  w i l l  have 
s t i f f n e s s  i n  t h e  one plane t h a t  is d i f f e r e n t  from t h e  s t i f f n e s s  
i n  a perpendicular   p lane .  When t h e  coupl ing is r o t a t e d  w h i l e  
angular ly  misa l igned ,  t h e  a p p l i e d  moment w i l l  not be cons t an t  
i n  magnitude. 
I t  is important  t o  no te  t h a t  a coupl ing wi th  an  odd number 
of p l a t e s  h a s  c o n s t a n t  f l e x u r a l  s t i f f n e s s  f o r  any  d i r ec t ion  of 
bending. The t w o  d i r e c t i o n s  of moment a p p l i c a t i o n  shown i n  
F igu re  11 mere ly  reverse t h e  d i r e c t i o n  from which t h e  s t r u c t u r e  
is viewed.  The r o t a t i o n s   a b o u t  t h e  mounting bol ts ,  a l though 
p resen t ,  would  be e q u a l  f o r  e a c h  c a s e ,  r e s u l t i n g  i n  a s t r u c t u r e  
t h a t  w i l l  a lways  have  cons t an t  s t i f fnes s .  
The ampli tude of t h e  r o t a t i o n s  a b o u t  t h e  mounting-bolts 
of t h e  c a s e  shown i n  F i g u r e  11 was examined by t h e  computer 
program STRESS. The ampl i tude  was found t o  be 2.32% of t h e  
angular  misal ignment  of t h e  4-p la te  coupl ing ,  or 9.3% of the 
angular   misal ignment  of each p l a t e .  The computer program STRESS 
t h e n  analyzed a d i f f e r e n t  c a s e  u s i n g  a s i n g l e  p l a t e ,  f i n d i n g  
t h a t  t h e  ampli tude of t h e  i n - p l a n e  r o t a t i o n  was 9.3% of t h e  
angular   misal ignment  of t h e  p l a t e .  The 9.3% ampli tude was f o r  
a r a t i o  of p l a t e  o f fse t  t o  p l a t e   d i a m e t e r  (S/d) of .0938. The 
computer program STRESS determined t h e  ampli tude of t h e  in -  
p l a n e  r o t a t i o n  when S was c u t  i n  h a l f  a n d  d remained constant ,  
fo r  an  S/d r a t i o  of .0469. The ampli tude of t h e  in-p lane  ro- 
t a t i o n  was found t o  be 4.6% of t h e  misalignment per  p l a t e .  Thus ,  
t h e  ampli tude is l i n e a r l y  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r a t i o  of 
pla te  offset  t o  p la te  diameter, S/d. 
Axia l  T e s t  R e s u l t s . -  A f o r c e - d e f l e c t i o n  c u r v e  is shown i n  
F igu re  13 f o r  a test  of a s t ee l  fou r -p l a t e  coup l ing  w i t h  d = 8 
i nches .  Add i t iona l  fo rce -de f l ec t ion  c u r v e s  are  shown on  Figure 
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Figure  14. 
. 1  . 2  
Deflect ion  6, inches 
Experimental Axial Deflection Curves, 
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d = 4.5  
Axial T e s t  Discussion.-  The e x p e r i m e n t a l  a x i a l  d e f l e c t i o n  
c u r v e r F i g u r e  13 shows a spr ing rate  of  1025 pounds/ inch.  
Equation  (20) s ta tes :  
(Kale = - 48EI 1 
~3 n-2 + 2 
1.679(Sb/dt)2 + 1 
f o r  t h i s  t es t  specimen, E = 27 x lo6, n = 4, S = .75, b = 1.0695, 
d = 8, t = .165, Using L = 2d/3, (Ka), = 1095  pounds/inch by 
theory .  
The agreement shown between theory and tes t  (d i f f e rence  o f  
7%) is considered adequate  confirmation of  Equat ion (20)  and of  
the  approximation,  L = 2d/3. The computer  program STRESS cal- 
c u l a t e d  (Ka), = 881 pounds/inch  using L = .707  d. The error 
(16.3%) is l a r g e .  
The e x p e r i m e n t a l  a x i a l  d e f l e c t i o n  c u r v e s  of F i g u r e  1 4  a r e  
s l igh t ly  nonl inear ,  showing tha t  compress ion  changes  t h e  dimen- 
s i o n s  t h a t  a f f e c t  s p r i n g  r a t e .  The i n i t i a l  s p r i n g - r a t e s  were 
s e l e c t e d  for compar ison  wi th  ca lcu la ted  spr ing- ra tes  us ing  
Equation  (20)  and STRESS. The comparison is shown i n  Table  2. 
Equation (20Q was so lved  for t h e  tes t  cases  of Figure 14, 
where E = 27 x 10 , S = .5, b = .56, d = 4.5, t = .OS4 and 
n = 2,3,4,5,6. The va lue  of L = 2d/3 was used. The c a l c u l a t e d  
values   of  (Ka), a r e  shown in  Table  2 .  
The computer program STRESS c a l c u l a t e d  (Ka), us ing  L = 
.707  d. The r e s u l t s  a r e  a l s o  shown in  Tab le  2. 
TABLE 2 
A X I A L  STIFFNESS SUMMARY, d = 4 . 5  
A x i a l   S t i f f n e s s  (Ka)c 
Eq. ( 2 0 )  STRESS 
. .  n " Test L = .667 d L = .707 d 




















The d i f f e r e n c e   i n  error between test  a n d   c a l c u l a t e d  
s t i f f n e s s  is g i v e n  i n  T a b l e  3. 
TABLE 3 
PERCENT ERROR I N  STIFFNESS  PREDICTION, d = 4.5 
Eq. (20) STRESS 
















I t  is a p p a r e n t  t h a t  t h e  test  r e su l t s  and Equation ( 2 0 )  
produce results t h a t  a r e  i n  good  agreement (error less t h a n  
- +lo%). The computer program STRESS p r e d i c t s  too sof t  sp r ing -  
r a t e s  b e c a u s e  t h e  t h e o r e t i c a l  d i s t a n c e  from b o l t - c e n t e r  t o  
bo l t - cen te r ,  L = .707 d, does not  consider  clamp-up a t  t h e  
j o i n t s .  STRESS m u s t  u s e  a modified L t o  produce more a c c u r a t e  
resul ts .  
Conclusions.  - 
(1)  Equations (10) and (20) a r e   s u b s t a n t i a t e d  for  
c a l c u l a t i n g  f l e x u r a l  a n d  a x i a l  s t i f f n e s s .  
(2) The accuracy of t h e  computer  program STRESS can 
be improved by using an experimental ly-determined effect ive 
element-length.  
(3) Stand-off  washers are  needed  between  the  coupling 
and its mounts t o  relieve f r i c t i o n a l  moments about t h e  axes  
of t h e  mounting bol t s .  
(4)  The f r i c t i o n a l  moments about t h e  axes  of t h e  mounting 
bo l t s  can be c o n t r o l l e d  by changes in misalignment p e r  p l a t e ,  
p l a t e  o f f s e t ,  p l a t e  diameter, and stand-off washer diameter .  
(5) A coupl ing w i t h  an  e v e n  number of p l a t e s  h a s  con- 
s t a n t  f l e x u r a l  s t i f f n e s s  for any d i r e c t i o n  of bending i f  
s tand-of f  washers  a re  used between t h e  coupl ing and its mounts. 
A coupl ing w i t h  a n  odd number of p l a t e s  h a s  c o n s t a n t  f l e x u r a l  
s t i f f n e s s  f o r  any d i r e c t i o n  of bending whether  stand-off washers 
a r e  used or no t .  
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STRAIN TESTS 
In t roduct ion . -  In  preceding  sec t ions ,  methods of a n a l y s i s  
were p resen ted  and  shown t o  be adequate for t h e  p r e d i c t i o n  of 
s t i f f n e s s .  The q u e s t i o n  t h a t  remains is how well do t h e  methods 
predict i n t e r n a l  forces and moments (and t h u s ,  stresses). In  
t h i s  s e c t i o n ,  t h e  a n a l y s i s  methods a r e  e v a l u a t e d  by comparing 
t h e o r e t i c a l  i n t e r n a l  forces and moments t o  experimental  resu l t s  
obta ined  from s t ra in   gage   measurements . .  T h i s  comparison shows 
good agreement between t h e  ana ly t i ca l  and  expe r imen ta l  results,  
and therefore, s u b s t a n t i a t e s  t h e  method of a n a l y s i s .  
I d e n t i f i c a t i o n . -  T h i s  s e c t i o n  u s e s  t h e  same numbering con- 
ven t ions  and  coord ina te  sys t ems  tha t  were established i n  t h e  
Computer Analysis   Sect ion.  To understand t h e  d a t a  i n  t h e  p r e s e n t  
s e c t i o n ,  however, it is necessary  only  t o  remember t h e  fo l lowing  
d e f i n i t i o n s  . 
F, = a x i a l  force 
Fy = edgewise shear  
F, = f l a t w i s e  shear &I+\ 
Mx = t w i s t i n g  moment 
2 = edgewise bending = f l a t w i s e  bending. z 
Test Specimens.- A l l  s t r a i n  g a g e  tests were performed on 
a four -p la te  s tee l  coupl ing  w i t h  d = 8 inches.  T h i s  same coup- 
l i n g  d e s i g n  was the subjec t  of t h e  p r e v i o u s l y  discussed STRESS 
examples  and s t i f f n e s s  t e s t s .  Stand-off washers were used a t  
t h e  coupling  mounting bolts.  The f u n c t i o n  of these washers was 
d i scussed  t h o r o u g h l y  i n  t h e  S t i f f n e s s  Test Sec t ion .  
In s t rumen ta t ion . -  Un iax ia l  s t r a in  gages  were a p p l i e d  t o  
members 13 and 18 i n  t h e  p o s i t i o n s  shown below. Ten gages 
were u s e d  on each member, f i v e  p e r  side. 
S t a t i o n  1 S t a t i o n  2 
0" 
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I n t e r n a l  moments and  ax ia l  forces were c a l c u l a t e d  a t  
s t a t i o n s  1 and 2 from t h e  measured s t r a i n s ,  m o d u l u s  of elas- 
t i c i t y ,  P o i s s o n ' s  ra t io ,  and t h e  s e c t i o n  p r o p e r t i e s  of t h e  
element .   Transverse shears were then  ca lcu la ted  from t h e  
moments a t  s t a t i o n  1 and 2 us ing  t h e  f a c t  t h a t  t h e  shear  is 
constant   between t h e  s t a t i o n s .  Moments a t  t h e  ends of t h e  
member (element)  were found using the f ac t  t h a t  t h e  moments 
v a r y  l i n e a r l y .  
I t  is noted t h a t  t h e  gage sys tem conta ins  more than  t h e  
minimum number of gages   r equ i r ed .   On ly   t h ree   l on   i t ud ina l  
gages  a re  needed  a t  each s ta t ion ,  and  only  one  45 gage is 
requ i r ed  a t  s t a t i o n  1. The ex t ra   gages   p rovided   insurance  
aga ins t  gage  loss  t h r o u g h  a c c i d e n t a l  damage or malfunction. 
For tuna te ly ,  a l l  gages  remained  intact   throughout  t h e  t es t  
series. The r ead ings  from t h e  ex t r a  gages  were used  i n  t h e  
da ta  r educ t ion  t o  reduce the effect of non-systematic obser- 
v a t i o n  errors. The  i n t e r n a l  forces and moments were determined 
f o r  each combination of three gages a t  each s t a t i o n  (4 com- 
b i n a t i o n s  of 3 gages).  Then results were averaged.  
% 
A large v o l u m e  of d a t a  was produced i n  t h e  s t r a i n  tests. 
I t s  r educ t ion  by hand w o u l d  have  been  cos t ly  and  prone  to  error. 
Such errors were avoided by us ing  a d i g i t a l  computer program t o  
reduce t h e  s t r a i n  r e a d i n g s  t o  t h e  r e q u i r e d  f i n a l  form (forces 
and moments a t  each end of members 13 and 18). 
Single  Coupling Tests . -  Three  d i f f e r e n t  tes ts  on a s i n g l e  
coup l ing   a r e   r epor t ed .  The tes t  members and  loading  condi t ions 
a r e  shown below. 
T e s t  
4 .6  
T e s t  T e s t  
5.2 6.2 
P = 146 
l b s .  
M'= 187 
in - lbs .  
M'= 207 
in - lbs .  members 
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I 
These tests correspond t o  fundamenta l  condi t ions  encountered  in  
s e r v i c e .  T e s t  4.6  corresponds t o  ax ia l   compress ion;  Tests 5.2 
and 6.2, t o  p u r e  angular  misal ignment  about axes of symmetry i n  
bending. 
Tables  4 , 5 , and 6 p r e s e n t  t h e  i n t e r n a l  forces and 
moments for  these tests. The tables show: 
1. test va lues  'from measured s t r a i n s .  
2. t h e o r e t i c a l  v a l u e s  from t h e  computer program STRESS. 
3. t h e o r e t i c a l   v a l u e s  from t h e  s i m p l i f i e d   a n a l y s i s .  
I n  g e n e r a l ,  a l l  test a n d  t h e o r e t i c a l  v a l u e s  show good 
agreements. The r e l a t ive   impor t ance  of t h e  va r ious  forces 
and moments is apparent  from t h e  fo l lowing  va lues ,  which  in-  
dicate  t h e  amount of each force or moment t h a t  is r e q u i r e d  t o  
cause  a stress = 1000 p s i ,  i n  t h e  tes t  coupl ing (A Stress con- 
c e n t r a t i o n   f a c t o r  of 1.6 is i n c l u d e d   i n  fo r  t h e  reasons  
discussed i n  t h e  S i m p l i f i e d  Analys is  
Fx FY FZ l b s .  Mx *Y MZ in - lbs .  
177 118 118 9 21 5 
The r e su l t s  f o r  T e s t  4.6 confirm t h e  e x i s t e n c e  of a l a r g e  
edgewise bending moment i n  t h e  end  p la te ,  member 18, when t h e  
coupl ing  is subjec ted  t o  a n  a x i a l  l o a d .  I n  a n  i n t e r i o r  p l a t e ,  
member 13, t h e  edgewise bending is v e r y  g r e a t l y  reduced. 
For t h e  Tests 5.2  and  6.2 it is poss ib le  t o  e v a l u a t e  t h e  
agreement of both t h e  test r e s u l t s  and theoretical va lues  w i t h  
t h e  requirements  of s t a t i c  e q u i l i b r i u m .  From Equation  (4),  it 
is known t h a t  2.828 (IM,I + s h o u l d  equal  t h e  a p p l i e d  
moment M'. From Tables  5 and 6 it  is s e e n   t h a t  t h e  tes t  
r e su l t s  check s t a t i c  e q u i l i b r i u m  w i t h i n  12% even i n  t h e  worse 
case   (Tes t  6.2, member 13, j o i n t  8) . The t h e o r e t i c a l  v a l u e s  
are  i n  close agreement w i t h  s t a t i c  equi l ibr ium.  
I n  e v a l u a t i n g  t h e  resu l t s  f o r  Tests 5.2 and 6 . 2 ,  importance 
s h o u l d  be g iven  t o  t h e  good agreement found f o r  M, because it 
is t h e  primary cause of a l t e r n a t i n g  stress during misalignment.  
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TABLE 4 
INTERNAL  FORCES AND MOMENTS FOR TEST NO. 4.6 
Member,  Forces, lbs Moments,  lbs-in 
Joint  S urce F X  FY F Z  Mx My Hz 
Test 8 -36  -10 8 50 -107 
13, 8 STRESS 1 -37 - 4 1 17  -106
Simplified  -37 - 98 
Test -8 36  10 -8 6 -100 
13, 9 STRESS  -1  37 4 -1 6 -104 
Simplified  37 - 98 
Test  119  -29 94 3 -271 - 85 
18, 9 STRESS  116  -22 04 -1  -302 - 63 
Simplified  -23 99 -280 - 60 
Test  -119 29 - 94 -3  -262 - 80 
18,  11  STRESS  -116 22  - 04 1 -291 - 60 
Simplified  23 - 99 -280 - 60 
TABLE 5 
INTERNAL  FORCES  AND MOMENTS FOR TEST  NO.  5.2 
Member,  Forces.  lbs  Moments,  lbs-in  Check 
Joint Source Fx 
Test  10 
13, 8 STRESS 3 
Simplified 
Test -10 
13, 9 STRESS - 3  
Simplified 
Test  -33 
18, 9 STRESS - 2  
Simplified 
Test  33 
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INTERNAL FORCES AND MOMENTS  FOR  TEST NO. 6.2 
Member, Fo rces ,   l b s  Moments, l b s - i n  Check 
Jo in t   Source  Fx FY FZ % M y %  " 
T e s t  -28 16 - 1 -22 10 60 231 
13, 8 STRESS - 2  14 1 -19 - 3 54  207
S impl i f i ed  -18 55 207 
Test 28 -16 1 22 - 6 34 
13, 9 STRESS 2 -14 - 1 19 - 1 27 
S impl i f i ed  18 28 
T e s t  -50 14  -14  - 9 27 29 
18, 9 STRESS - 2  14 - 1 -19 1 27 
S impl i f i ed  -18 28 
T e s t  50 -14  14 19 54 53 204 
18, 11 STRESS 2 -14 1 19 3 54  206 
S impl i f i ed  18 55 207 
D r i v e  T r a i n  Assembly Tests.- A pa i r  o f  4 p l a t e  c o u p l i n g s  
and a c e n t e r  s h a f t  were a s sembled  in  the  d r i v e  t r a i n  test  r i g  
used t o  qua l i fy   components   for  t h e  UH2 h e l i c o p t e r .  T h i s  r i g  is 
capable  of app ly ing  to rque  and  pa ra l l e l  o f f se t  mi sa l ignmen t  t o  
t h e  coupling  assembly. The test  s p e c i m e n  i n s t a l l e d  i n  t h e  r i g  
is shown i n  F i g u r e  15. Seve ra l  tests were made i n  t h i s  r i g  
under   different   combinat ions  of   torque  and  misal ignment .   In  
t h e s e  tests, t h e  s t r a i n s  i n  members 13 and 18 were measured a t  
1 5 O  i n t e r v a l s  a s  t h e  coupl ing  was ro t a t ed  th rough  360°. 
F i g u r e 1 6 p r e s e n t s   t y p i c a l  results.  It shows t h e   i n t e r n a l  
moment M, v e r s u s  p o s i t i o n  of r o t a t i o n  f o r  f o u r  d i f f e r e n t  test  
c o n d i t i o n s .  J o i n t s  8 and 11 were chosen  fo r  p re sen ta t ion  be -  
cause t h e y  r e p r e s e n t  j o i n t s  i n  a t y p i c a l  i n t e r i o r  p l a t e  a n d  a 
t y p i c a l  end   p la te .  The fo l lowing   d i scuss ions   a r e   equa l ly   ap -  
p l i c a b l e  t o  t h e  c u r v e s  f o r  j o i n t  8 or 11, except where noted. 
C u r v e  1 shows t h e  moments t h a t  occur when t h e  input  and 
o u t p u t  s h a f t s  were a l i g n e d  a s  c l o s e l y  a s  p o s s i b l e .  T h e o r e t -  
i c a l l y ,  c u r v e  1 should be a h o r i z o n t a l  s t r a i g h t  l i n e ,  a l w a y s  
zero. The moments shown by c u r v e  1 are  s m a l l ,  i n d i c a t i n g  t h a t  





Figure 15. Strain Gage Test 
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100 
- 100 - MEMBER 13 
JOINT 8 
- I ~. - 1 "~,_Il..I_ . 1 l " L _ l . " L .  I I b--l3-? 
Curve  No. 1 2 3 4 
T, in- lbs .  0 16850 0 12800 
of fset ,   inches  0 0 .704 .744 
100 
-100 
P o s i t i o n  of Rotation, d e g r e e s  
F i g u r e  16. T e s t   F l a t w i s e  Moments v e r s u s   A n g u l a r   P o s i t i o n  
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Curve 2 shows t h e  resul ts  a f t e r  a to rque  of 16,850 in- lbs .  
was a p p l i e d  t o  the   assembly .   Theore t ica l ly ,   no  moment should 
occur from torque .  However, curve  2 shows t h a t  a small  s t eady  
moment was produced. 
C u r v e  3 shows t h e  moments t h a t  were produced when t h e  coup- 
l i n g  was rotated wi th  t h e  output  s h a f t  d i sp l aced  .704 inches  
p a r a l l e l  t o  t h e  inpu t  s h a f t .  The resu l t s  a r e  compared t o  theory* 
i n  F i g u r e 1 7 .  Good agreement is s e e n  i n  both amplitude  and phase 
r e l a t i o n s h i p s .  
C u r v e  4 i n  F i g u r e 1 6 s h o w s  r e su l t s  for  a test w i t h  combined 
to rque   and   pa ra l l e l   o f f se t   mi sa l ignmen t .  The to rque  was 12,800 
in - lbs ;  t h e  displacement ,  .744 inches .   This   to rque  was t h e  max- 
i m u m  t h a t  could be a p p l i e d  i n  t h e  ex t reme d isp lacement  condi t ion  
w i t h o u t  mod i f i ca t ion  of t h e  tes t  r i g .  The tes t  cond i t ions  of 
c u r v e  4 are  close t o  being a supe rpos i t i on  o f  t h e  test cond i t ions  
for  curves  2 and 3. Thus, c u r v e  4 should  be  approximately t h e  
a d d i t i o n  of c u r v e s  2 and 3, a s  it is for member 13. For member 
18, c u r v e  4 resembles t h e  a d d i t i o n  of c u r v e s  2 and 3 w i t h  a phase 
s h i f t  of 55 degrees .  N o  reason is known f o r  t h i s  p h a s e  s h i f t .  
The phase s h i f t  is i n t e r e s t i n g ,  b u t  n o t  s i g n i f i c a n t  t o  t h e  per-  
formance of t h e  coupl ing .  It is t h e  peak-to-peak  amplitudes t h a t  
a r e  impor tan t ;  they  a re  t h e  source of t h e  a l t e r n a t i n g  stress. 
The ampli tudes a r e  in  agreement  w i t h  t heo ry .  
Conclusions.-  Good agreement was found between internal  
forces and moments measured i n  tests and corresponding v a l u e s  
from both t h e  s i m p l i f i e d  ana lys i s  and  t h e  computer program 
STRESS. The s i m p l i f i e d   a n a l y s i s   p r o v i d e d   v e r y  close agreement. 
The STRESS results can be improved by using non-uniform member 
properties which  account  fo r  s t i f f e n i n g  a t  t h e  bol ted j o i n t s .  
* See Appendix A 
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FATIGUE  TESTS 
Introduct ion.-  Coupl ing misal ignment  causes  t h e  a l t e r n a t i n g  
stress which is t h e  primary source o f  f a t i g u e  damage. The stress 
is be l ieved  p red ic t ab le  because  of t h e  agreement shown by t h e  
s t r a in  gauge  su rvey ,  t h e  computer  program STRESS, and t h e  s i m -  
p l i f  ied stress a n a l y s i s .  What is not  known, however, is t h e  
stress a t  which f a i l u r e  occurs. Pub l i shed   f a t igue  tes t  d a t a  
provide  guidance b u t  a r e  not  considered adequate. Tes t s  t o  
f a i l u r e  were performed,  one tes t  a t  go misal ignment  angle ,  one 
t e s t  a t  5 O  misalignment  angle.  One s i ze  of coupl ing was used  
fo r  both tests. The tests were res t r ic ted t o  a l t e r n a t i n g  stress 
a lone  by avoid ing  coupl ing  ex tens ion  or compression, by not 
t ransmi t t ing  torque ,  and  by r o t a t i n g  a t  slow speed. 
Specimen design and manufacture were kept  simple de l ib-  
e r a t e l y ,  w i t h  t h e  plan of  adding ref inements  only a f t e r  proof 
of need. The spec imens   for  t h e  f a t i g u e  tests were t h e  first 
produced  on  prototype tools .  Analysis  of the tes t  f a i l u r e s  
showed specimen imperfect ions t h a t  w o u l d  be expected t o  reduce 
f a t i g u e   p e r f o r m a n c e   s i g n i f i c a n t l y .  Nevertheless, they  demon- 
s t r a t e d  i m p r e s s i v e  l i f e  a t  misalignment angles of go  and 5O, 
i n d i c a t i n g  t h e  e x c e l l e n t  f a t i g u e  c h a r a c t e r i s t i c s  of t h e  Boss le r  
coupl ing .  Because experience is l imited t o  these t w o  tests, 
a d d i t i o n a l  t e s t i n g  is recommended. 
Apparatus.-  The tes t  appa ra tus  is shown i n   F i g u r e  18 .  Each 
s h a f t  h a s  a r e m o v a b l e  c e n t e r l i n e  i n d i c a t o r  i n  t h e  form of a co- 
a x i a l  p o i n t e d  rod. The p o i n t s  a r e  located s o  t h a t  t h e y  meet a t  
t h e  c e n t e r  of t h e  coupl ing .  The s h a f t  c e n t e r l i n e   i n d i c a t o r s  
show t h a t  t h e  s h a f t  c e n t e r l i n e s  i n t e r s e c t  a t  t h e  c e n t e r  of t h e  
coupl ing,  t h u s  indicat ing  uniform  angular   misal ignment .  They 
a l so  ind ica te  tha t  no  change  of  coupl ing  length  occurred, which 
would  cause a s t eady  stress. The angular  misalignment was meas- 
ured w i t h  an  inc l inomete r  t o  +0.1 degree and by c a l c u l a t i o n  u s i n g  
measured s h a f t  l o c a t i o n s .  T h e  i npu t  s h a f t  is d r iven  by an  elec- 
t r i c  motor a t  1820 rpm. The coupl ing was inspec ted  w h i l e  t u r n i n g  
w i t h  a s t roboscope .  An automatic power c u t o f f  was provided by a 
v i b r a t i o n - s e n s i t i v e  s w i t c h .  
Specimens.- The tes t  specimens were f o u r  p l a t e  coupl ings  
wi th  d = 8 b = 1.069, t = .165  inches.   The  mater ia l  was 18% 
n i c k e l  marLging steel ,  grade  250, aged a t  900°F f o r  three h o u r s .  
A s o l u t i o n   h e a t   t r e a t m e n t  a f t e r  forming was not  used.  P l a t e  
manufacture was d e f i c i e n t ,  a s  discussed below under R e s u l t s .  
The f i r s t  t es t  a t  go angular  misal ignment  is shown on 
Figure  18 .  The calculated stress is +52 k s i ,  us ing  Equat ion 
(14).  N o  f r e t t i n g  p r o t e c t i o n  was provided i n  order t o  reveal  
c l e a r l y  t h e  mode of first f a i lu re .  
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The second test at 50 angular misalignment induced a cal-
culated stress of + 29 ksi. In this test, a limited degree of 
fretting protection was provided. The individual coupling 
plates were electroplated with .002 inches of silver, and stand-
off washers were placed between the coupling and the shaft end-
f itt ings. 
Test Results.- The 90 test produced a fatigue failure at 
3.3 x-rQ5 cycles. The failure occurred in the end plate at-
tached to the output shaft. The point of origin was .05 in-
ches from the bolt hole on the side of the plate in contact 
with the output shaft end-fitting. The point of origin was in 
a fretting region as shown below. 


















The 50 test produced a fatigue failure after 5.3 x 10 6 cycles. The failure occurred on an interior plate. The point of origin was on the side opposite the contacting surface at the bend line in a die mark left by the forming process. The failure was not associated with fretting. The failure is shown below. 
Figure 20. Specimen From 50 Test 








d e n t  i n  t h e  coup l ing   p l a t e s .  The f a i l u r e  o r i g i n a t e d  i n  t h e  
dent.   Subsequent  changes t o  t h e  die  enab led  p l a t e s  o f  much 
b e t t e r  q u a l i t y  t o  be produced for  other tests. 
The go t e s t  showed a f r e t t i n g - l i m i t e d  l i f e  t h a t  is not  
r e p r e s e n t a t i v e  of t h e  l i f e  tha t  can  be  ob ta ined  w i t h  known 
s u r f a c e   t r e a t m e n t s .  The g r e a t e s t  improvement in   endurance  
l i m i t  and r e l i a b i l i t y  from t r e a t m e n t s  t h a t  i n d u c e  s u r f a c e  
compressive stress a r e  described i n  t h e  l i t e r a tu re  (References 
6 ,  7 ) .   R e f e r e n c e  7 reported t h e  e f f e c t  of c o l d - r o l l i n g  
and shot-peening on t h e  f r e t t i ng -endurance  limit of  t i t an ium 
and steel .  Without s u r f a c e   t r e a t m e n t ,   f r e t t i n g   c a u s e d  t h e  mean 
endurance limit of t i t a n i u m  t o  drop from 79,030 psi  t o  44,060 
p s i .  The co r re spond ing   s t anda rd   dev ia t ions   i nc reased  from 3280 
p s i  t o  19 ,870   ps i .   Af te r  severe c o l d - r o l l i n g  or shot-peening, 
t h e  endurance limits rise t o  above 85,000 p s i  w i t h  s t a n d a r d  
d e v i a t i o n s  less than  2820 ps i ,  i n  spi te  of severe f r e t t i n g .  
I i n  F i g u r e  21 t aken  from a r e  shown g r a p h i c a l l y  These resul ts  
Reference 7 .  
manner. 
loo[ 90 
They a l s o  found tha t  s t ee l -behaved  in  a s i m i l a r  
SURFACE TREATMENT AND DM;REE OF  RETTING 
Figure  21. Comparison of Fret t ing  Endurance L i m i t s  
(From Figure  4-27, Reference 7) 
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The t i t a n i u m  da ta  and  comments on s teel  g i v e  rise t o  t h e  
expec ta t ion  tha t  maraging  steel  w i l l  d e r i v e  similar b e n e f i t s  
f rom  surface  compressive stress. N i t r i d i n g  or sho t  peen ing  a re  
a t t r a c t i v e  methods of obtaining a surface compressive stress i n  
a Bossler p l a t e  made of maraging s teel .  
I n  t h e  c a s e  o f  t h e  5 O  test, s i l v e r - p l a t e  a n d  a n g l e  re- 
d u c t i o n  were s u f f i c i e n t  t o  impede f r e t t i n g .  A f a i l u r e  occurred 
i n  a non- f r e t t ed   r eg ion .  The f a i l u r e  was unexpected. It  coula  
not  occur if t h e  stresses were a c t u a l l y  5 / 9 t h s  of t h e  stresses 
endured  fo r  3 x lo5 cycles i n  t h e  go tes t ,  according t o  t h e  
shape of publ i shed  S-N c u r v e s  for  maraging s teel  (Reference 8 ). 
Other causes m u s t  have   cont r ibu ted  t o  t h e  f a i l u r e .  F o u r  p o s s i b l e  
causes are known. A h i g h  t e n s i l e  res idual  stress could have  been 
l e f t  i n  t h e  f o r m i n g  d e n t  w h e r e  t h e  f a i l u r e  o r i g i n a t e d .  A m e t -  
a l l u r g i c a l  n o t c h  could  be present  f rom the  hea t  t rea tment  because 
maraging w o u l d  be a f f e c t e d  by t h e  r e s i d u a l  stress. The dent  
w o u l d  a l s o  c o n t r i b u t e  a geometr ic   notch.  A locked-in stress 
from clamping malformed parts was p r e s e n t .  
For maraging s teel ,  t h e  r e s i d u a l  stress and  me ta l lu rg ica l  
notch w i l l  be avoided by adding a s o l u t i o n  h e a t  t r e a t m e n t  a f t e r  
forming  and  before  maraging. O the r  m a t e r i a l s  w i l l  r e q u i r e  s i m -  
i l a r  c a r e .  The geometric  notch  from  forming w i l l  be removed by 
b l end ing  a f t e r  fo rming  or by developing a better forming process.  
O t h e r  t e c h n i q u e s  a r e  a v a i l a b l e  t o  reduce stress l o c a l l y ,  
i f  r e q u i r e d .  For i n s t ance ,  stress can be lowered i n  t h e  j o i n t  
c o n t a c t  a r e a  by i n c r e a s i n g  p l a t e  t h i c k n e s s  near  t h e  b o l t  holes.  
Conclusions.-  The  po ten t ia l  per formance  of Bossler coup- 
l i n g s   a t   l a r g e   m i s a l i g n m e n t   a n g l e s  is impress ive .   F re t t i ng  
p r o t e c t i o n  is necessary.  Methods  of p r o t e c t i o n   c a n  be used 
t h a t  a r e  known t o  be e f f e c t i v e .  
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CONSTANT VELOCITY TEST 
Introduction.-  Misalignment couplings may not  be constant  
v e l o c i t y  devices .   Output   angular   displacement  may f l u c t u a t e  w i t h  
r e s p e c t  t o  input   angular   d i sp lacement .  The f l u c t u a t i o n   c a u s e s  
v e l o c i t y  change ,  (acce lera t ions) ,  which may be d e s t r u c t i v e  d u r i n g  
power t ransmiss ion .  Any assembly of even  numbers  of  Hooke-type 
u n i v e r s a l  j o i n t s  w i l l  t ransmi t  cons tan t  v e l o c i t y  if the  yokes  a re  
a l i g n e d ,  i f  t h e  misalignment angles are equal,  and i f  a l l  s h a f t s  
a r e   cop lane r .  One B o s s l e r  p l a t e  is k inemat ica l ly   ana lagous  t o  a 
Hooke j o i n t .  Two p l a t e s  a r e  a n a l a g o u s  t o  a pa i r  o f  Hooke j o i n t s  
w i t h  yokes  a l igned.  The s h a f t s  a t t a c h e d  t o  a Bossler   coupl ing 
a re   normal ly   coplaner .   Therefore ,  a Bossler   coupl ing made  up of 
any even  number of p l a t e s  w i t h  equal misalignment p e r  p l a t e  w i l l  
t ransmi t   cons tan t   ve loc i ty .   For  a Bossler   coupl ing w i t h  a n  odd 
number of p l a t e s ,  n, a l l  b u t  one p l a t e  is pa i r ed  w i t h  another .  
Because t h e  overa l l  misa l ignment  w i l l  be shared  among n p l a t e s ,  
t h e  r e s u l t i n g  s p e e d  v a r i a t i o n  w i l l  be t h a t  of a s i n g l e  Hooke 
j o i n t  w i t h  a misalignment angle equal t o   t o t a l  misalignment angle 
+n .  Typical ly ,  t h e  r e s u l t i n g  speed v a r i a t i o n  i n  a Bossler  coup- 
l i n g  w i t h  a t  l e a s t  three p l a t e s  w i l l  be one order  of  magnitude 
l e s s  t h a n  t h a t  i n  a convent ional  Hooke j o i n t .  
Constancy of velocity tes ts  a r e  r e p o r t e d  i n  t h i s  s e c t i o n .  
Tes t s  were made using t h e  measurement apparatus  a lone,  using a 
four -p la te  coupl ing  w i t h  no misalignment and t h e  same coupl ing 
w i t h  go misal ignment .   Fluctuat ion  in   output   displacement  could * 
not  be observed d i rec t ly .  S t a t i s t i c a l  a n a l y s i s  of t h e  tes t  d a t a  
i d e n t i f i e d  cyclic f l u c t u a t i o n  on t h e  order of 1/3 of t h e  l e a s t  
reading  of t h e  measuring sys t em.  Based  on t h e  f a c t  t h a t  t h e  
speed f l u c t u a t i o n  was v e r y  small, i f  it e x i s t e d  a t  a l l ,  it is 
concluded  tha t  t h e  Bossler  coupl ing can be a cons t an t  ve loc i ty  
device.  
Apparatus and T e s t . -  The t es t  arrangement was t h e  same a s  
t h e  9a f a t i g u e  t e s t ,  whzch is shown i n  F igure  18. Two s h a f t s  
were each  supported by two bear ings .  The bearings  were mounted 
i n  p i l l o w  b l o c k s  t h a t  were a t t ached  t o  two  I-Beams. The s h a f t s  
were connected by a four -p la te   coupl ing .  The ins t rumenta t ion  
was a synchro  t r ansmi t t e r  on t h e  input shaft  coupled back-to-back 
w i t h  a s y n c h r o  cont ro l  t ransformer  on  t h e  o u t p u t  s h a f t .  The d i f -  
ference between t h e  s y n c h r o  s i g n a l s  was read  on a phase angle  
vol tmeter .  The synchros  had a spec i f i ed  accu racy  of +5 minutes 
each. The two-synchro s y s t e m  specified accuracy was 78.5 minutes. 
Select ion and careful  matching reduced t h i s  e r r o r .  
- 
* By D. W. Robinson, Jr., Chief  Research  Engineer, Kaman A i r c r a f t  
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The r e l a t i o n s h i p  of o u t p u t  angular  displacement  t o  input  
angular  d i sp lacement  was tested a t  go, t h e  l a r g e s t  a n g l e  t h e  par-  
t i c u l a r  test coupl ing  could reach w i t . h o u t  i n t e r n a l  i n t e r f e r e n c e .  
The go ang le  was s u f f i c i e n t l y  l a r g e  t o  cause deformations t h a t  
might a f f ec t   d i sp l acemen t .  A conventional  Hooke-type  universal  
j o i n t  a t  go misalignment has a g e o m e t r i c  f l u c t u a t i o n  of angu la r  
displacement  of +21.3  minutes. A f l u c t u a t i o n  of t h i s  magnitude 
could be detectea e a s i l y  by t h e  i n s t rumen ta t ion  used. The 90 
a n g l e  is larger t h a n  t h e  misalignment expected in most d r i v e  
t r a i n s .  Also, no  output / input   displacement  error was observed 
du r ing  p r e v i o u s  t es t s  a t  smaller angles ,  l ead ing  t o  the belief 
t h a t  a la rge-angle  tes t ,  s u c h  a s  go, w o u l d  be r e q u i r e d  t o  uncover 
any  f luc tua t ion  in  ou tpu t / inpu t  angu la r  d i sp l acemen t .  
R e s u l t s  and  Discussion. - Three  b a s i c  sets of d a t a  were taken:  
1. Two synchros  mechanically  connected  and hooked u p  t o  
b r idge  c i r cu i t  and  instrumentat ion.  Two c a l i b r a t i o n  
runs  taken  (Figure  22) .  
2. Same synchros  and electronics b u t  a t t ached   each  side 
of Bossler coupl ing - s h a f t s  a l i g n e d .  T h r e e  runs  made 
(F igure  23) .  
3. Same a s  (2)  b u t  w i t h  coupl ing deflected go. Three runs  
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Input  Shaft  Position,  degrees 
Figure 23. Measured Angular Difference,   Shafts   Aligned 









Input  Shaft  Position,  degrees 
Figure 24. Measured Angular  Difference,  Shafts  Misaligned go 
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Shape-s of cu rves  for a l l  three se t -ups  showed v a r i a t i o n s  
which were followed q u i t e  c l o s e l y  by r e p l i c a t e  r u n s .  Much of 
t h e  variatj ;on,  therefore, appeared t o  be sys temat ic ,  p robably  
from s e v e r a l ' s o u r c e s ,  w i t h  a superimposed random variation 
showing a s  d i f f e r e n c e  b e t w e e n  r e p l i c a t i o n s .  One source of sys-  
t e m a t i c  v a r i a t i o n  was t h e  a n g u l a r  d i f f e r e n c e  aGross the coupling, 
and was t h e  effect t o  be eva lua ted .  T h i s  source was present  on ly  
i n   s e t - u p  3, F igure  24. 
The Bossler coup l ing  r epea t s  geomet r i c  s imi l a r i t y  eve ry  180° 
of s h a f t  r o t a t i o n ,  a s  does t h e  Hooke j o i n t .  L ike  t h e  Hooke 
j o i n t ,  therefore, any  f luc tua t ion  in  ou tpu t  d i sp l acemen t  shou&d 
be integral   harmonics   of  twice shaf t   f requency .  Thus  any 180 of 
s h a f t  r o t a t i o n  s h o u l d  produce one complete cycle of coupl ing  
f l u g t u a t i o n .  By ana lyz ing   on ly  t h e  data   lying  between l l O o  and 
290 sha f t  a n g l e   i n  se t -ups  2 and 3, t h e  effect of random var-  
i a t i o n  b e t w e e n  r e p l i c a t i o n s  were minimized, seen by i n s p e c t i o n  of 
t h e  d a t a  to be reasonably  low between these limits and la rge  else- 
where. 
Var ia t ion  be tween rep l ica t ions  gave  an  ind ica t ion  of t h e  con- 
s i s t e n c y  of t h e  data between se t -ups ,  and therefore t h e  appropri-  
a t e n e s s  of us ing  d i f fe rences  be tween s e t - u p s  a s  a measure of t h e  
effect  of t h e  changes made d e l i b e r a t e l y  - s p e c i f i c a l l y ,  t h e  effect  
of  coupl ing  def lec t ion .  
Degrees of Var iance   Cr i t ica l   Value  of F 
Set-Up Variance Freedom Rat io,  F '. 05 . O l  
5.23  1.46 1.90 
1.75 1.62 1.98 
F 
1 .281  71 
2 1.47 47 
3 .837 47 
I t  was seen  t h a t  t h e  r a t i o  of va r i ances  or F i s h e r  "F" r a t i o  
between s e t - u p s  1 and 2 great ly  exceeded t h e  c r i t i ca l  va lue  of 
F, even a t  t h e  .01  l e v e l .  Thus,  there was cons iderably  less than  
1% p r o b a b i l i t y  t h a t  t h e  se t -ups  were equ iva len t ,  w i t h  t h e  d i f fe r -  
e n c e s  i n  v a r i a t i o n  due e n t i r e l y  t o  chance. T h i s  would  be expected, 
i n  t h a t  g o i n g  from a bench c a l i b r a t i o n  of t h e  in s t rumen ta t ion  a lone  
t o  a c a l i b r a t i o n  of t h e  same ins t rumen ta t ion  mounted on t h e  ac tua l  
tes t  specimen introduces many  new sources o f  v a r i a n c e  i n  attach- 
ments ,  shaf t  a l ignment ,  bear ings and tes t  r i g  s t r u c t u r e .  
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Therefore ,  the  averages  of  the  da ta  f rom se t -ups  1 and 2 were 
not compared d i r e c t l y .  
Comparing set-ups 2 and 3, t h e  F r a t io  again exceeded the 
c r i t i ca l  va lue  a t  t h e  .05 l e v e l ,  a l t h o u g h  n o t  a t  t h e  .01 l e v e l .  
Also note  t h a t  t h e  va r i ance  was less i n  t h e  d e f l e c t e d  c o n d i t i o n  
of   set-up 3. This   might   be  the r e su l t  of the  coupl ing  bending 
s t i f f n e s s  i n t r o d u c i n g  l a t e ra l  pre load  on the bear ings,  removing 
a source of  random var iance .   In  any event ,   the   comparabi l i ty   of  
d a t a  was only  margina l ,  in  tha t  i t  was s t a t i s t i c a l l y  p r o b a b l e  
tha t  someth ing  o the r  t han  j u s t  in t roduct ion of  coupl ing error 
( a  c o n s i s t e n t  b i a s  - no t  a source of random variance) had changed 
going  from  set-up 2 t o  se t -up  3. However, averages were compared 
looking for  the harmonics  of  twice s h a f t  a n g l e  c h a r a c t e r i s t i c  of 
coupl ing error. 
Differences between t h e  ave rages  o f  t he  th ree  runs  fo r  set- 
up  2 and  set-up 3 are presented  on  Table 7 and  p lo t t ed  on 
Figure 25 o v e r  t h e  sha f t  ang le  r ange  l l O o  t o  290°, 
TABLE 7 
NET ANGULAR DIFFERENCE 
Shaf t  Output  Lead/Lag - N e t  Di f fe rence  - 
P o s i t   i o n  Minutes,  Averaged Minutes 
Degrees 00 9O 0"-90 
110 7.0 -4 .0  11.0 
120  4.8 -7.2  12.0 
130  1.9 -10.3 12.2 
140 - 4 . 1  -15.7  11.6 
150 -2.4 -15.3 12.9 
160  -3.6 -17.7  14.1 
170  -6.5 -23.7  17.2 
180 -5.8 -25.2  19.4 
190  -9.7 -30.5  20.8 
200 -6.5 -26.6  20.1 
210 -3.8 -24.1  20.3 












-15.9  18.7 
-13.8 18.8 
-7.6  20.3 
-3.9  -21.4  25.3 
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r n r n  aa, 24 
16  
110  150  190 230 270 310 
I n p u t  Shaf t   Pos i t ion ,   degrees  
F igure  2 5 .  N e t  Angular  Difference 
I t  is e x p e c t e d  t h a t  v a r i a t i o n  d u e  t o  c o u p l i n g  e r r o r ,  t o g e t h e r  
w i t h  o t h e r  sources of sys t ema t i c  va r i a t ion  in t roduced  or elimi- 
nated between s e t - u p s  2 and 3, is inc luded  i n  t h e  d a t a  p l o t  
of Figure 25 together w i t h  some of t h e  random v a r i a t i o n .  Non- 
random sources of v a r i a t i o n  common t o  both set-ups,  s u c h  a s  
s y s t e m a t i c  i n s t r u m e n t  e r r o r s ,  a r e  excluded.  
Examination of t h e  p lo t  i nd ica t ed  t h e  presence of a t  l e a s t  
two  apparently non-random  components: a l i nea r   s lope ,   and  a 
ha rmon ic  va r i a t ion  a round  tha t  slope; toge the r  w i t h  the expected 
random v a r i a t i o n  or p o i n t  s c a t t e r .  The l i n e a r  s l o p e  was obviously 
not  a component  of t h e  coupl ing error, which, a s  h a s  b e e n  shown, 
m u s t  be harmonic. 
The l i n e a r  t r e n d  was removed by l i n e a r  r e g r e s s i o n .  The 
r e g r e s s i o n  was tested for  s igni f icance  and  found t o  c o r r e l a t e  
a s  a real  effect. The d a t a  w i t h  l i n e a r  t r e n d  removed is shown 
i n  F i g u r e  26.  
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Figure  
A decided, a l t  
Input   Shaf t   Pos i t ion ,   degrees  
26. Harmonic  and Random Angular  Difference 
.hough small ,  cyclic t r e n d  is seen.  A harmon i c  
a n a l y s i s  was performed t o  s e p a r a t e  o u t  harmonic components. 
The m i s s i n g  d a t a  p o i n t s  a t  260° and 280° were obta ined  by in-  
t e r p o l a t i o n .  The second  and f o u r t h  harmonic  components were 
removed, t o  f i n d  t h e  res idua l  var iance ,  and  t h e  r e s u l t i n g  p o i n t s  
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110  150  190 230 270 310 
I n p u t  Sha f t   Pos i t i on ,   deg rees  
F igu re  27. Random Angular   Difference 
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The r e s i d u a l  v a r i a n c e  was compared t o  t h e  va r i ance  of t h e  
averages  of se t -ups  2 and 3. No s t a t i s t i c a l l y  s i g n i f i c a n t  d i f -  
f e r e n c e  was f o u n d ,  i n d i c a t i n g  t h a t  a l l  i m p o r t a n t  t r e n d s  had 
been removed. 
If t h e  res idual  v a r i a n c e  is used to establ ish 95% conf idence  
limits on coupling error i n  t e r m s  of input  s h a f t  p o s i t i o n  0 ,  
Error = 1 . 9 5   s i n  2(0-143°35') - 1.74 s i n  4(0-131°5') - + 1.4 minutes. 
S t a t e d  i n  words, t h e  conf idence  l eve l  is 95% t h a t  t h e  test system 
produced a c y c l i c  f l u c t u a t i o n  of o u t p u t  angular  displacement  w i t h  
respect t o  inpu t  angu la r  d i sp l acemen t  tha t  was l a r g e r  t h a n  two 
minutes b u t  sma l l e r  t han  f ive  minu tes .  Two p o i n t s  a r e  worth 
not ing:  t h e  e s t ima ted  error is less t h a n  the in s t rumen ta t ion  
can  measure d i r e c t l y  ( 8 . 5  minutes)  and a convent iona l  Hooke- 
t y p e  u n i v e r s a l  j o i n t  a t  t h e  same 9' misalignment has a geometric 
f l u c t u a t i o n  of +21.3 minutes. - 
Conclusions.- Based on t h e  f a c t  t h a t  t h e  speed f l u c t u a t i o n  
tendency was v e r y  smal l ,  i f  it e x i s t e d  a t  a l l ,  i t  is concluded 
t h a t  t h e  Bossler coupl ing can be a cons tan t  v e l o c i t y  coupl ing.  
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CRITICAL SPEED TEST 
In t roduct ion . -  Bossler couplings have a g r e a t  e f f e c t  upon 
t h e   c r i t i c a l   s p e e d s   o f   s h a f t   s y s t e m s .   F o r   t h i s   r e a s o n ,  tests 
were made t o  d e m o n s t r a t e  t h a t  c o n v e n t i o n a l  i d e a l i z a t i o n s  a n d  
a n a l y s i s  methods a r e  a d e q u a t e  t o  p r e d i c t  t h e  c r i t i c a l  s p e e d s  
of a system which  inc ludes  Bossler coup l ings .  The test r i g  was 
capable  of a speed 12% h i g h e r  t h a n  c a l c u l a t e d  first c r i t i c a l  
speed. Good agreement was found  between t h e  c a l c u l a t e d  a n d  t h e  
observed first c r i t i ca l  speed. 
T e s t  Rig.- The resonance test was pe r fo rmed  in  the  test  r i g  
p rev ious ly  used t o  q u a l i f y  d r i v e  t r a i n  components for  t h e  UH2 
he l i cop te r .   F igu re28shows  a ske tch   o f  t h i s  r i g .  The t es t  r i g  
o p e r a t e s  a t  a cons t an t  6210 rpm. Resonance was de t ec t ed   du r ing  
s t a r t - u p  and shut-down using an MB pickup which sensed t h e  veloc- 
i t y  of motion a t  t h e  cen te r  suppor t .  A CEC d i r e c t - w r i t i n g  os- 
c i l l o g r a p h  recorded t h e  d a t a .  
R e s u l t s . -  During start-up and shut-down a resonance was 
d e t e c t e d  a t  5500 rpm. Figure  29 shows a t r a c i n g  of t h e  oscil lo- 
graph record. No other resonances were obse rved  in  t h e  speed 
range (0 rpm t o  6210 rpm) of t h e  tes t  r i g .  The observed  resonance 
is i n  good agreement w i t h  t h e  ca l cu la t ed  r e sonance  of 5550 rpm 
f o r  the first mode. 
Analys is  Method.- The a n a l y s i s  assumes t h a t  t h e  c r i t i c a l  
speeds of t h e  r o t a t i n g  s y s t e m  a r e  i d e n t i c a l  t o  t h e  n a t u r a l  f re-  
quencies  of l a t e r a l  v i b r a t i o n  of t h e  s y s t e m  when n o t  r o t a t i n g .  
The na tu ra l  f r equenc ie s  and  mode shapes  f o r  l a t e r a l  v i b r a t i o n  
were computed using t h e  i n f l u e n c e  c o e f f i c i e n t  method w i t h  mat r ix  
i t e r a t i o n  ( R e f e r e n c e  10) .  In  t h e  a n a l y s i s ,  t h e  r e a l  s t r u c t u r e  
was i d e a l i z e d  a s  a w e i g h t l e s s  s h a f t  which s u p p o r t s  a f i n i t e  
number of lumped masses.  Figure 28 shows t h e  s p e c i f i c  i d e a l i -  
zat ion used  for  t h e  tes t  r i g  a n d  a l s o  shows t h e  ca l cu la t ed  shapes  
and  f r equenc ie s  fo r  t h e  first and second modes. 
The coupl ings  were treated t h e  same a s  other segments of 
t h e  s h a f t .  The f l e x u r a l   s t i f f n e s s   ( E I )   f o r   t h e   c o u p l i n g s  was 
computed  using  Equation  (11). A l l  d a t a  f o r  t h e  system is 
summarized i n  T a b l e  8 .  
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I 
DYNAMIC TEST RIG  SPEED = 6210 RPH 
PLAN  VIEW MEASURED RESONANCE = 5500 RPM 
/ \ \ \: 
/ \ \ 
/ \ 
IDEALIZED  SYSTEM 
ELEVATION  VIEW 
CALCULATED MODE SHAPES - 1 st, at 5550 RPM "- 2 nd, at 8590 RPM 
Figure 28. Dynamic T e s t  Rig, Idea l i za t ion ,  




















Figure 29. Trace of Oscillograph Record of Passage Through Resonance 
r 
TABLE 8 
SUMMARY OF PROPERTIES OF IDEALIZED SYSTEM FOR THE 
DYNAMIC TEST RIG WITH BOSSLER  COUPLINGS 
INPUT RESULTS 
No. P o s i t i o n  x E1 Normalized Yode Shapes 













13  59.55 
14  63.6 
15 63.6 
16  64.6 
17 65.6 
18 66.6 
19  66.6 
20 73.72 





















c e n t e r  s p r i n g  
.00186 . 000 
.00372 -. 419 
.00372 -. 631 
















.01090 . 000 
= 80000 l b s / i n  









1.000 -. 520 
1 . 000 -. 520 
.844 -. 486 
.393 -. 244 
. l o8  -. 075 
. lo8 -. 075 . 000 . 000 
Frequency, rpm = 5550. 8590.  10600. 
A Common Case.- In many app l i ca t ions  the  sys t em cou ld  be 
s imple r   t han   t he  dynamic test rig.  For  example, a short  c e n t e r  
sha f t  w i t h  i d e n t i c a l  c o u p l i n g s  a t  e a c h  end c o u l d  be used i n  a n  
engine- t ransmission s y s t e m  which  p rov ides  nea r ly  f ixed  l a t e ra l  
and moment r e s t r a i n t  a t  t h e  s u p p o r t s .  C a l c u l a t e d  mode shapes 
and  f requencies  for  such  an a p p l i c a t i o n  a r e  shown i n  F i g u r e  30. 
Table 9 summarizes the  input   and resu l t s  for t h i s  case.  The 
coupl ings  and  center  shaf t  i n  t h i s  example have t h e  same s t i f f -  
ness and mass as t hose  u s e d  in  the  p rev ious ly  d i scussed  test r i g .  
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F I R S T  MODE - 7870 RPY 
-or- p t ,  THIRD MODE - 53,320 RPY 
TABLE 9 
SUMMARY OF PROPERTIES OF IDEALIZED SYSTEM  FOR 
BOSSLER ASSEMBLY BETWEEN FIRM  SUPPORTS 
XNPUT II RESULTS I 



























































































.973 . 000 
- .973 -. 973 
-1.000 -. 865 













.327 . 000 
Frequency rpm = 7870.  10350.  53320. 
A s i g n i f i c a n t  f e a t u r e  of t h e  r e su l t s  f o r  t h i s  example is 
t h e  wide gap which e x i s t s  between t h e  s e c o n d  a n d  t h i r d  c r i t i c a l  
speeds.  T h i s  gap may provide a su i t ab le  r eg ion  fo r  h igh  speed ,  
s u p e r - c r i t i c a l   a p p l i c a t i o n s .  Such ope ra t ions  could permit t h e  
Bossler coupl ings  t o  be designed with more misalignment capa- 
b i l i t y  and w i t h  less we igh t .  Supe rc r i t i ca l  ope ra t ion  a l so  opens  
t h e  p o s s i b i l i t y  f o r  v e r y  smoothly ope ra t ing  des igns  which employ 
dynamic  self-balancing. However, i t  is impor tan t   to  no te  t h a t  a 
p o t e n t i a l  p r o b l e m  a r e a  a l s o  e x i s t s .  The bu i l t -up  na tu re  of t h e  
Boss le r  coupl ing  c rea tes  a p o s s i b i l i t y  f o r  a w h i r l i n g  i n s t a b i l i t y  
involving non-synchronous precession (Reference 11) when operated 
a b o v e  t h e  f i r s t  c r i t i ca l  speed. The dynamic s t a b i l i t y  c h a r a c t e r -  
istics of s u p e r c r i t i c a l  s y s t e m s  employing Bossler coup l ings  a re  
unknown at present .  
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The example shown i n  F i g u r e  30 a l so  provides  an  oppor tuni ty  
for  checking a s imple  s ing le  deg ree  of freedom ana lys i s  u s ing  
Equations (25) and (26) a g a i n s t  t h e  more complete ana lys i s  above  
which used 13 lumped masses.  For t h i s  case :  
(EI), = 16200 
nS = 3.0 
*S = (4.7 + 4.6)/386 = .02408 
From Eq. (251, k = 14400 
From Eq. (26), 
The va lue  7370 rpm obta ined  from t h e  v e r y  s i m p l e  a n a l y s i s  is i n  
good agreement w i t h  7870 rpm from t h e  more comple te  ana lys i s .  
f l  = 7370 rpm 
Conclusions.  - I t  is conc luded  tha t  conven t iona l  i dea l i -  
z a t i o n s  a n d  a n a l y s i s  methods a r e  a d e q u a t e  t o  p r e d i c t  t h e  first 
c r i t i c a l   s p e e d   o f   s h a f t   s y s t e m s   u s i n g  Bossler coupl ings.  It  is 
e x p e c t e d  t h a t  t h e  approach w i l l  be adequate  for  h igher  c r i t i c a l  
s p e e d s  a s  well. 
I t  is a lso  concluded  t h a t  a s i n g l e  d e g r e e  of freedom 
i d e a l i z a t i o n  is u s e f u l  f o r  t h e  common case of two i d e n t i c a l  




1ntroduct ion.-  The effect  of unbalance  in  a r o t a t i n g  s y s t e m  
is a s t a t i c  stress on a r o t a t i n g  member and a v i b r a t i o n  i n  t h e  
s t a t i o n a r y  s y s t e m .  Generally,  t h e  v i b r a t i o n  is more important,  
i f  f o r  no other reason than annoyance (noise or shake) .  
I t  was a n t i c i p a t e d  t h a t  t h e  Bossler coupling, assembled from 
many s e p a r a t e  pieces, might have an inherent balance problem. 
The approach  fo l lowed  to  inves t iga t e  ba l ance  was t o  compare t h e  
e f f e c t  of unbalance of a test  dr ive-shaf t  us ing  two Bossler coup- 
l i n g s  and a s h o r t  c e n t e r  s h a f t  t o  an  equiva len t  dr ive-shaf t  us ing  
two gear couplings and a short c e n t e r  s h a f t  ( the  UH2 h e l i c o p t e r  
d r i v e - s h a f t ) .  The UH2 dr ive-shaf t  has  known behavior  w i t h  re- 
spect t o  b a l a n c e  both i n  service and i n  t h e  test r i g  used t o  
develop it. 
When balance of a UH2 d r ive - sha f t  is s a t i s f a c t o r y ,  t h e  v i -  
b r a t o r y  d i s p l a c e m e n t  a t  t h e  d r ive - sha f t  s u p p o r t s  on t h e  t es t  r i g  
is less than  8 m i l s  a t  6200 rpm. The tes t  d r ive - sha f t ,  however, 
had a first c r i t i c a l  speed of 5500 rpm. Ba lance  t e s t ing  had t o  
be performed a t  a speed  below t h e  first c r i t i c a l  speed. The 
ba l ance  t e s t ing  o f  t h e  t es t  d r ive - sha f t  was performed a t  3100 
rpm. 
An unbalance causes a c e n t r i f u g a l  f o r c e  which produces a 
propor t iona l   d i sp lacement  of t h e  suppor ts .  The c e n t r i f u g a l   f o r c e  
v a r i e s  a s  t h e  s q u a r e  of t h e  speed of r o t a t i o n .  The force  and 
d i s p l a c e m e n t  s e e n  a t  3100 rpm are  therefore  one- four th  of  t h e  
forces  and  d isp lacements  tha t  would be seen  a t  6200 rpm (31002/ 
62002 = 1 /4 ) .  
Displacements were measured a t  3100 rpm i n  r e s p o n s e  t o  a 
v e r y  large unbalance,  converted t o  an  equiva len t  d i sp lacement  
a t  6200 rpm, and  found t o  be w i t h i n  t h e  acceptab le  limit. An 
a n a l y t i c  i n v e s t i g a t i o n  c o n f i r m e d  t h e  small effect of  unbalance 
and found that a balanced dr ive-shaf t  assembly using Bossler 
coupl ings w i l l  cause a much lower  v ibra t ion  than  a balanced 
equiva len t  dr ive-shaf t  us ing  gear  coupl ings ,  because  gear  coup- 
l i n g s  require a r a d i a l  i n t e r n a l  c l e a r a n c e  t h a t  a l l o w s  a s h a f t  
l o c a t i o n  t o  change  a f t e r  ba l anc ing .  
Apparatus and Tests.- The test dr ive-shaf t  and t h e  t es t  r i g  
a r e  shown on  Figure 28. A probe was he ld  a t  t h e  bear ing  suppor ts  
t o  pick up  v ibra tory   d i sp lacements .  The displacements  were given 
i n  m i l s  by  a v i b r a t i o n  a n a l y z e r  t o  which the probe was a t tached .  
The h o r i z o n t a l  (H) and v e r t i c a l  (V) displacements  were measured 
a t  t h e  bearing s u p p o r t s  on each end of t h e  tes t  d r ive - sha f t .  
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The test d r i v e - s h a f t  was balanced by t r i a l  and error u n t i l  
t h e  d isp lacements  were less t h a n  3.5 m i l s .  The 3.5 m i l s  i nc lude  
d isp lacements  from test  r i g  v i b r a t i o n s  as  well a s  from res idua l  
unbalance. The p r e c i s i o n  of i n i t i a l  b a l a n c e  is not  cr i t ical ,  
however, so long a s  it  is low enough no t  t o  mask t h e  i n c r e a s e  
i n  v i b r a t i o n  caused by t h e  a d d i t i o n  of a known unbalance weight 
of p r a c t i c a l  size.  
An unbalance of .33 ounces was attached a t  a r a d i u s  of 4.75 
inches,   causing  an  unbalance of 1.57 ounce-inches.  The 1.57 
ounce- inches   represents  a gross error in   ba lanc ing .   Convent iona l  
dr ive-shaf t  manufac ture  inc ludes  ba lanc ing  dr ive-shaf t  pa r t s  i n  
a balancing machine t o  less than  0.1 ounce-inches of unbalance. 
The pa r t s   a r e   t hen   a s sembled  w i t h o u t  f u r t h e r  balancing.  D r i v e -  
s h a f t s  l i k e  t h e  test d r ive - sha f t  can  be balanced as  a complete 
assembly i n  a balancing machine t o  less t h a n  0.1 ounce-inches of 
unbalance. 
The unbalance weight was wired t o  a n  outside co rne r  of t h e  
p l a t e  a t t a c h e d  t o  t h e  r igh t  end  of t h e  short  c e n t e r  s h a f t .  T h i s  
l o c a t i o n  h a s  the lowest rad ia l  s p r i n g  r a t e  a n d  t h e  l a r g e s t  r a d i u s  
f o r  an  unbalance weight  a t t a c h e d  t o  a coupl ing  plate.  T h i s  loca- 
t i o n ,  therefore, w i l l  have t h e  g r e a t e s t  effect  for  t h e  type  of 
unbalance most l i k e l y  t o  occur. The H and V displacements  were 
measured. The weight was moved t o  each of t h e  other p l a t e  cor- 
n e r s  t o  i n s u r e  t h a t  t h e  phase angle  of t h e  or ig ina l  unbalance  
was accounted for .  
R e s u l t s  and Discussion.- The resul ts  a r e  g i v e n  i n  Table 10 
below. 
TABLE 10 
BALANCE TEST UASUREMENTS 
T e s t  Condi t ion 
Balanced 
Displacement  in  Mils 
L e f t  End R i g h t  End 
H V H V 
1.7 2.4 3.4 2.0 
1.57 o z . - i n .   l o c a t e d   a t  3 o'clock 1.7 2.2 4.6 2.1 
1 . 5 7   o z . - i n .   l o c a t e d   a t  6 o'clock 1.4 2.8 3.8 1 . 6  
1 .57   oz . - in .   l oca t ed   a t  9 o'clock 1.0 2.7 3.5 2.8 
1.57 o z . - i n .  l o c a t e d  a t  1 2  o'clock 1.9 2.5 4.5 2.6 
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The effect  of t h e  known unbalance is the a r e a  of i n t e r e s t .  
The g rea t e s t  change  in  d i sp l acemen t  is approximately one m i l .  
A t  6200 rpm, t h e  displacement  would  be f o u r  times a s  l a r g e  a s  
i t  is a t  t h e  3100 rpm used i n  t h e  tes t ,  or roughly 4 m i l s .  T h i s  
is one-half t h e  limit of 8 m i l s  t h a t  is a c c e p t a b l e  by d e f i n i t i o n .  
Because t h e  r e l a t ive ly  l a rge  unba lance  p roduced  t h e  small e f f e c t  
shown, t h e  Bossler coupl ing  is found t o  be n o t  p a r t i c u l a r l y  s e n -  
s i t i v e  t o  unbalance. 
Analy t ica l  1nves t iga t ion . -  Dr ive- t ra in  hardware  can  be 
b a l a n c e d  i n  a balancing machine t o  0.1ounce-inches.  The 0.1 
ounce-inch unbalance a t  6210 rpm w i l l  have a r o t a t i n g  c e n t r i f -  
uga l  force of 7 l b s .  The p l ane  of lowest r a d i a l  s p r i n g  ra te  is 
i n  t h e  middle of t h e  c e n t e r  s h a f t .  The r a d i a l  s p r i n g  r a t e  is 
14,400  pounds/inch (see C r i t i c a l  Speed T e s t ) .  The ro t a t ing  cen -  
t r i f u g a l  force of 7 pounds acting on t h i s  p lane  w i l l  produce a 
displacement of .0005 inches on t h e  test d r i v e - s h a f t .  
The equ iva len t  UH2 dr ive - sha f t  has  two gear  coupl ings and 
a sho r t  center s h a f t .  The three p a r t s  a r e  i n d i v i d u a l l y  b a l a n c e d  
t o  0.1 ounce-inches. The gea r   coup l ings   have   an   i n t e rna l  clear- 
ance  of .003 inches  maximum t o  allow t h e  r e l a t i v e  tooth motion 
r e s u l t i n g  from misalignment. T h i s  i n t e rna l   c l ea rance   a l lows  the 
12 pound c e n t e r  s h a f t  t o  change  rad ia l  loca t ion ,  which results 
f o r  t h e  UH2 d r i v e - s h a f t  i n  a possible change of ro t a t ing  cen -  
t r i f u g a l  force of 40 lb s .  
A comparison of sha f t  d i sp l acemen t s  (.0005 inches v e r s u s  
.003 i nches )  and  cen t r i fuga l  forces (7 l b s  v e r s u s  40 l b s )  shows 
t h a t  t h e  Bossler coupl ing w i l l  cause a s i g n i f i c a n t l y  lower v i -  
b r a t i o n  t h a n  a g e a r  c o u p l i n g  i n  a n  e q u i v a l e n t  d r i v e - s h a f t .  I t  
is noteworthy t h a t  an  equ iva len t  Hooke-type u n i v e r s a l  j o i n t  has 
a l a r g e r  r a d i a l  c l e a r a n c e  t h a n  a gear  coupl ing .  
Conclusions.-  I t  is concluded  tha t  t he  Bossler coupl ing  
is n o t   s e n s i t i v e  t o  unbalance. Also, a dr ive-shaf t   assembly 
us ing  Bossler coupl ings  w i l l  cause less v i b r a t i o n  t h a n  a n  
e q u i v a l e n t  d r i v e - s h a f t  assembly us ing  coupl ings  w i t h  r ad ia l  
i n t e r n a l  c l e a r a n c e ,  s u c h  a s  gea r  coup l ings  or Hooke j o i n t s .  
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CONFIGURATION MODIFICATION TO IMPROVE  PERFORMANCE 
In t roduct ion . -  The i n v e s t i g a t i o n s  r e p o r t e d  h e r e i n  r e v e a l  t h a t  
improved coupling performance can be obtained by reducing the 
p l a t e   o f f s e t ,  S. The improvements  include  higher  operating 
speeds ,  g rea te r  para l le l  misa l ignment ,  lower  t h r u s t  loads  from 
axial  extension and compression,  reduced moment loads from 
angular  misa l ignment ,  reduced  s ize  and  weight ,  and  grea te r  
margin of s a f e t y  for  f r e t t i n g .  
Design Cons t r a in t s . -  A coupl ing made of s q u a r e  p l a t e s  w i l l  
have a minimum-achievable o f f s e t  t h a t  is t h e  s u m  of an attachment 
allowance, p l u s  t h e  space  requi red  for  ax ia l  compress ion ,  p lus  
t h e  space r e q u i r e d  for  angular  misal ignment ,  p l u s  a c l ea rance  
a l lowance   fo r   t o l e rances  on t h e s e  dimensions.  Design  layout 
shows tha t  approximate ly  one-ha l f  t h e  offset  is r e q u i r e d  f o r  
t h e  a t tachment   a l lowance.  A f u r t h e r   c o n s t r a i n t  is t h a t  a l l  
p l a t e s  s h o u l d  b e  a l i k e  f o r  many reasons concerned w i t h  ease  
of design and manufacture. 
Design Solut ion.-  Bossler  coupl ing plates  need not be 
square .  They can  be  rectangular .  A coupl ing made of rec tan-  
gu la r  p l a t e s  can  have  a s m a l l e r  o f f s e t  t h a n  a s q u a r e  p l a t e  
coupl ing   des igned   for  t h e  same job .   F igure   31  shows an i n -  
d i v i d u a l  r e c t a n g u l a r  p l a t e  a n d  a coupl ing made  up of three of 
these p l a t e s .  A l l  p l a t e s   a r e   a l i k e .  The a t tachments  miss 
each   o ther .  If t h e  at tachments  were i n  l i n e ,  t h e  o f f s e t  would 
be l a r g e r  f o r  t h e  same useable   gap.   In   one  appl icat ion  s tudy,  
S was reduced from .750 inches w i t h  s q u a r e  p l a t e s  t o  .420  in-  




Rec tangu la r  P l a t e  
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3 Pla te  Coupl ing  
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Figure 31. Conf igura t ion   Modif ica t ion   to  Improve  Performance 
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r .  
Because of t h e  s i m i l a r i t y  of the r ec t angu la r -p l a t e  coup l ing  
t o  t h e  square-p la te  coupl ing ,  it is probable  t ha t  a simple ad- 
a p t a t i o n  c a n  be made of the square-p la te  ana lys i s  and  des ign  
procedure t h a t  a r e  r e p o r t e d  h e r e i n .  
Conclusions.-  The reduced p l a t e  o f f s e t  a l l o w e d  by rec tan-  
g u l a r  p l a t e s  s h o u l d  improve t h e  performance of t h e  Bossler 
coupl ing .  T e s t  and  ana lys i s  are recommended t o  confirm t h i s  
expectat ion and t o  adapt  t h e  e x i s t i n g  a n a l y t i c a l  p r o c e d u r e  t o  
t h e  new design.  
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FAIL-SAFE  DESIGN 
Introduction.-  Couplings w i l l  be d e s i g n e d  f o r  i n f i n i t e  l i fe .  
However, human error, acc ident ,  or other unforeseen  events  might 
cause  ex t raord inary  c i rcumstances  which t h e  coupl ing could not 
s u r v i v e  i n d e f i n i t e l y .  I n  s u c h  an  event ,  a f a t i g u e  f a i l u r e  w i l l  
occur. A non-catastrophic  mode of f a i l u r e  is v e r y  d e s i r a b l e .  
A l so  des i r ab le  is a warn ing  s igna l  t ha t  a f a i l u r e  h a s  occurred. 
It is bel ieved t h a t  a des ign  so lu t ion  has  been  found tha t  w i l l  
p rovide  t h e  desired b e h a v i o r  a f t e r  a f a t i g u e  f a i l u r e .  
Descr ipt ion.-  Figure 32 shows a t y p i c a l  f a i l - s a f e  d e s i g n .  
The center s h a f t  is mechanically entrapped by concent r ic ,  over -  
l app ing   sha f t   ex t ens ions .  The r a d i a l  c l e a r a n c e  between t h e  s h a f t  
ex t ens ion  is small .  A non-contac t ing   r ing  of low f r i c t i o n  m a t e r i a l  
is retained between t h e  s h a f t  e x t e n s i o n s .  
- I+- /- GAP 
RING OF LOW FRICTION MATERIAL, 
COMES I N  CONTACT ONLY AFTER 
INITIAL FAILURE 




Figure  32. F a i l - s a f e  Design 
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Operation.-  It  is expec ted  tha t  a f a t i g u e  f a i l u r e  w i l l  occur 
in   one   e lement  of a p l a t e ,  l e a v i n g  three e l emen t s   i n t ac t .  Two of 
t h e  su rv iv ing  e l emen t s  w i l l  be d i a m e t r i c a l l y  opposite each other. 
These two elements  w i l l  a c t  a s  d r a g  links, i f  i n  t e n s i o n ,  or a s  
push l i n k s ,  i f  im compression. The r ema in ing   su rv iv ing   l i nk  w i l l  
h e l p  s t a b i l i z e  t h e  coupl ing.  The c e n t e r  s h a f t  w i l l  move r a d i a l l y  
ou tward  in  r e sponse  t o  c e n t r i f u g a l  force. The r ad ia l  movement 
w i l l  be l imi ted  by t h e  sma l l  r ad ia l  c l ea rance  be tween  the  shaf t  
ex tens ions .  When t h e  c e n t e r  shaf t  reaches t h e  limit of rad ia l  
movement, t h e  two links which t r a n s m i t  t h e  torque  w i l l  be still  
i n  a well disposed  arrangement.   Torque  transmission w i l l  cont inue.  
An a x i a l  f o r c e  w i l l  be developed by the two l i n k s  t h a t  t r ansmi t  
t h e  torque. Axial  movement is limited a lso by t h e  mechanical  en- 
trappment. The wear  mater ia l  w i l l  reduce t h e  e r o s i o n  of t h e  
s l i d i n g  par ts ,  t h u s  extending t h e  l i f e  of the c o u p l i n g s  i n  t h e  
f a i l e d  cond i t ion .  
Warning Signal . -  The r a d i a l  movement of t h e  c e n t e r  s h a f t  
w i l l  cause an  unbalance.  It is be l ieved  t h e  unbalance w i l l  cause 
a d i s c e r n i b l e  v i b r a t i o n  which can be i n t e r p r e t e d  a s  a warning 
tha t   someth ing  is wrong. The ampli tude of t h e  v ibra t ion   depends  
on t h e  c learance ,  and  can  be c o n t r o l l e d  t h e r e b y .  
Post-Fai lure  Capaci ty  and L i f t . -  After t h e  i n i t i a l  f a i l u r e ,  
t h e  capac i ty  of t h e  d r i v e  t r a i n  wilz be reduced. However, t h e  
r e s i d u a l  c a p a c i t y  could  be s u f f i c i e n t  t o  t ransmit  normal  operat ing 
t o r q u e  if t h e  i n i t i a l  c o u p l i n g  d e s i g n  provided s u f f i c i e n t  torque 
c a p a c i t y .  An i n c r e a s e   i n  torque capac i ty ,  however, requires 
a c c e p t i n g  a r educ t ion   i n   mi sa l ignmen t   capac i ty .  The d e c i s i o n  
m u s t  be made for  each a p p l i c a t i o n .  The l i f e  of t h e  coupl ing 
a f t e r  a f a t i g u e  f a i l u r e  is l imi t ed  and unknown. Tests can  es- 
t a b l i s h  whe the r  t h e  p o s t - f a i l u r e  l i f e  is sa t i s fac tory  fo r  a 
s p e c i f i c  service requirement .  
Conclusions.- A fa i l - sa fe  a r rangement  f o r  f a t igue  f a i l u r e  
can be made. A f a i l u r e  warning w i l l  be provided by v i b r a t i o n  
a f t e r  f a i l u r e .  After the i n i t i a l  fa i lure ,  t h e  u l t i m a t e  t o rque  
c a p a c i t y  w i l l  be reduced, however, the coupling may be able  t o  
t ransmi t   normal   opera t ing  torque f o r  some time. These conclus ions  
are  based on  cons idered  opin ion ,  no t  on  test .  
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UNUSUAL CHARACTERISTICS AND POSSIBLE USES 
1nt roduct ion . -  The Bossler coupl ing  has  unusual  charac te r -  
istics based on its geometry, the freedom w i t h  which p ropor t ions  
can be va r i ed  and  the  freedom f o r  s e l e c t i o n  o f  m a t e r i a l .  The 
p o t e n t i a l  u s e f u l n e s s  of some of these c h a r a c t e r i s t i c s  is de- 
s c r i b e d  below. 
Unusual  Charac te r i s t ics  U s e f u l  For Couplings.- 
(1) The coupl ing  has   an empty c e n t e r  where other  t h i n g s  
can  be  loca ted ,  s u c h  a s  h y d r a u l i c  hoses, coo l ing  f l u i d  l i n e s ,  
e lec t r ic  power wires or even other  d r i v e - s h a f t s .  
(2) The coupl ing  can accommodate l a r g e   a x i a l   m o t i o n s ,  
which means t h a t  s l i d i n g  s p l i n e s  or b a l l  s p l i n e s  a r e  n o t  re- 
q u i r e d  a s  t h e y  a r e  w i t h  some other coupl ings .  
(3) The  coupling  can be b i a s e d  f o r  thermal growth by 
being stretched or compressed  on  ins ta l la t ion ,  t h u s  c o n t r o l l i n g  
t h e  a x i a l  t h r u s t  on s h a f t  b e a r i n g s .  
(4) The c o u p l i n g   c a n   t o l e r a t e   l a r g e   t r a n s i e n t   a n g u l a r  
excursions.   Angular   excursions  can be over three times t h e  
des ign   cont inuous   opera t ing   angle .  The excur s ion   ang le  is set 
by s t a t i c  s t r e n g t h ,  n o t  by f a t i g u e  s t r e n g t h .  
(5) The coup l ing   can   have   cons t an t   ve loc i ty   even   a t   l a rge  
misalignment angles.  
( 6 )  The coupling  can s u r v i v e  a l a rge   shock- to rque   i n  
excess  of  its u l t i m a t e  torque c a p a c i t y  w i t h o u t  c a t a s t r o p h i c  
f a i l u r e .  The coupl ing  w i l l  be permanently deformed b u t  can 
s t i l l  f u n c t i o n  f o r  a limited time. 
(7) The coupl ing   has  a f a i l - s a f e  for  f a t i g u e  f a i l u r e  
of any  element. The u n f a i l e d  members a r e  s u f f i c i e n t  t o  t r a n s -  
m i t  torque and t o  accommodate misalignment for  a l i m i t e d  time. 
Radial suppor t  of t h e  coupl ing m u s t  be  provided by s p e c i a l  
d e s i g n  f e a t u r e s .  
(8) The coupl ing  can be designed fo r  s u r v i v a l  i n  h i g h  
temperature ,  low temperature ,   hard vacuum, r ad ioac t iv i ty  and  
o t h e r  hos t i l e  environments. The coupl ing   needs   no   lubr ica t ion .  
Many m a t e r i a l s  c a n  be used  f o r  c o u p l i n g  c o n s t r u c t i o n .  
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Unusual -~ Appl ica t ions  ~ For  Unusual ~ C h a r a c t e r i s t i c s . -  
(1) The coupl ing can be made of m a t e r i a l  selected t o  
c o n d u c t  o r  i n s u l a t e  a g a i n s t  e lectr ic i ty ,  hea t ,   no ise ,   v ibra t ion ,  
or, a s  a r ad ia t ing  e l emen t  w i t h  a high surface-area- to-weight  
r a t i o .  
~~ 
(2) The coupling can be made t o  mix or 'stir a f l u i d  i n  
which it  is immersed, or t o  pump it. The pumping can be 
rad ia l ly   ou tward ,   rad ia l ly   inward ,  or l o n g i t u d i n a l l y  i n  
ei ther d i r e c t i o n .  
(3) The coupl ing  can be a support  mount which is a 
m u l t i p l e - d i r e c t i o n  s p r i n g  w i t h  h igh  torque  capac i ty .  
(4) The coupl ing  can be used i n  v e r y  l i g h t  vehicles t o  
t r ansmi t  t o rque  t o  t h e  wheels  and to  p rov ide  sp r ing  suspens ion .  
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CONCLUSIONS 
In t roduct ion . -  The sec t ion  immedia te ly  before  th i s  one  is 
e n t i t l e d  "Unusual C h a r a c t e r i s t i c s   a n d   P o s s i b l e  Uses". It lists 
c o n c l u s i o n s  t h a t  a r e  n o t  r e p e a t e d  h e r e  b e c a u s e  o f  t h e i r  close 
proximity.  
General  Conclusion for  t h e  Overall Program.- When the  pro-  
gram began, t h e  Bossler coupling promised superior performance 
but  was unproven  and  unexplored. T h i s  program  invest igated many 
coupl ing-performance areas  t o  f i n d  i f  any  undes i rab le  charac te r -  
istics e x i s t e d .  None were found. The coupl ing is ready   fo r  
a p p l i c a t i o n .  
This program provided knowledge for designing Bossler coup- 
l i n g s .  However, i f  a n  a p p l i c a t i o n  p u s h e s  t h e  limits of  coupling 
performance, tests should be made t o  o p t i m i z e  d e s i g n  d e t a i l s  s u c h  
a s  j o in t  geomet ry  and  su r face  t r ea tmen t s .  The development   effor t  
s h o u l d  e s t a b l i s h  c o n f i d e n c e  by p r o o f  t e s t i n g  o f  t h e  whole coupling. 
Conclusions from Each Sect ion.-  The fol lowing conclusions 
a r e  a b s t r a c t e d  f r o m  t h e  conc lus ions   i n   p reced ing   s ec t ions .  The 
c o n c l u s i o n s  a r e  p r e s e n t e d  i n  t h e  sequence  in  which t h e y  first 
appeared. 
S impl i f i ed  fo rmulas  deve loped  he re in  a re  adequa te  
f o r  t h e  a n a l y s i s  of Bossler   coupl ings.  Tests show 
good agreement w i t h  formulas  for  t o r s i o n a l  s t r e n g t h  
and s t i f f n e s s ,  f l e x u r a l  and a x i a l  s t i f f n e s s ,  s t e a d y  
and a l t e r n a t i n g  stress, i n t e r n a l  f o r c e s  and moments, 
and c r i t i c a l   s p e e d .  The formulas  are a p p l i c a b l e  
s t r i c t l y  only t o  coupl ings made of p l a t e s  w i t h  
square planform because t h e  ana lyses  used assump- 
t i o n s  of symmetry and  de f l ec t ed  pos i t i on .  
The performance that  can be obta ined  when t h e  
coupl ing is proport ioned most e f f i c i e n t l y  c a n  
be found using design formulas and graphs pre- 
s en ted  he re in .  
The computer program STRESS can  ana lyze  a Boss le r  
coup l ing  a s  a l i nea r ,  r edundan t ,  e l a s t i c  f r ame  wi th  
no assumptions regarding symmetry or d e f l e c t e d  
p o s i t i o n .  STRESS p r e d i c t i o n s  show good  agreement 
w i t h  t e s t  r e su l t s  fo r  f l exura l  de fo rma t ions  o f  t he  
coupling, and f a i r  agreement  for  ax ia l  deformat ion .  
Agreement can be improved by using experimental ly  
determined, non-uniform properties which t a k e  i n t o  
account t h e  s t i f f e n i n g  e f f e c t  of t h e  bolted j o i n t s .  
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(4) The u s e  of STRESS is j u s t i f i e d  f o r  the a n a l y s i s  of 
non-symmetrical couplings. 
(5) T y p i c a l l y ,   e l a s t i c   i n s t a b i l i t y  limits t o r s i o n a l  
capaci ty   of   coupl ings.   Torsional   capaci ty   can 
be provided for  any level  of power t ransmiss ion .  
( 6 )  Tors iona l  capac i ty  can  be p red ic t ed  from prebuckled 
d e f l e c t i o n  d a t a  o b t a i n e d  i n  a non-destruct ive t es t .  
( 7 )  A coupl ing with an even number of p la tes  has  con-  
s t a n t  f l e x u r a l  s t i f f n e s s  for  any direct ion of  bending 
i f  s tand-of f  washers  a re  u s e d  between t h e  coupl ing 
and its mounts. A coupl ing w i t h  an odd number of 
p l a t e s  h a s  c o n s t a n t  f l e x u r a l  s t i f f n e s s  f o r  a n y  d i -  
r e c t i o n  of bending whether s tand-off  washers  are  
used  o r  not .  
( 8 )  The potent ia l   performance  of  Bossler c o u p l i n g s  a t  
l a rge  misa l ignment  angles  is impressive.  
(9) The Bossler   coupl ing  can be cons t an t   ve loc i ty .  
(10)  Convent ional  ideal izat ion and analysis  methods are 
adequate  t o  predict t h e  first c r i t i c a l  s p e e d  of 
s h a f t  sys t ems  using  Bossler   coupl ings.  I t  is ex- 
pected t h a t  t h e  approach w i l l  be adequa te  fo r  h igher  
c r i t i c a l  s p e e d s  as well. A s i n g l e  d e g r e e  of freedom 
i d e a l i z a t i o n  is u s e f u l  f o r  p r e d i c t i n g  t h e  first 
c r i t i c a l  speed of a s y s t e m  c o n s i s t i n g  of two iden- 
t i ca l  coup l ings  and  a st i f f  c e n t e r  s h a f t .  
(11) The Bossler  coupl ing is n o t  s e n s i t i v e  t o  u n b a l a n c e .  
A drive-shaf t  assembly using Bossler  coupl ings w i l l  
cause less v i b r a t i o n  t h a n  a n  e q u i v a l e n t  d r i v e - s h a f t  
assembly using couplings w i t h  r a d i a l  i n t e r n a l  c l e a r -  
ance, s u c h  a s  gea r  coup l ings  or Hooke j o i n t s .  
(12) The reduced p l a t e  offset  allowed, by r ec t angu la r  
p l a t e s  s h o u l d  improve the performance of the Bossler 
coupl ing.  Compared t o  squa re   p l a t e   des ign ,  t h e  rec- 
t a n g u l a r  p l a t e  d e s i g n  is expected t o  inc rease  c r i t i ca l  
speed and paral le l  misal ignment ,  reduce t h r u s t  force ,  
reduce b e n d i n g  s t i f f n e s s ,  reduce s ize  and weight, and 
inc rease  t h e  m a r g i n  o f  s a f e t y  f o r  f r e t t i n g .  
(13) A f a i l - s a f e  a r r a n g e m e n t  f o r  f a t i g u e  f a i l u r e s  c a n  be 
made. A v i b r a t i o n  after f a i l u r e  w i l l  g i v e  n o t i c e  
t h a t  a f a i l u r e  h a s  occurred. 
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RECOMMENDATIONS 
(1) Apply t h e  Bossler coupl ing t o  a s p e c i f i c  a p p l i c a t i o n  
t h a t  n e e d s  t h e  u n i q u e  c a p a b i l i t i e s  of t h e  coupl ing.  
Conduct t e s t i n g  t o  r e f i n e  j o i n t  de t a i l s  and  su r face  
t r ea tmen t s .  E s t a b l i s h  confidence by proof t e s t i n g  
of t h e  whole coupling. 
(2) Adapt t h e  e x i s t i n g  d e s i g n  e q u a t i o n s  for  u s e  wi th  
r e c t a n g u l a r   p l a t e s .  The b e n e f i t s  of r e c t a n g u l a r  
p l a t e s  a r e  l i s ted  in  Conclus ion  (12) .  
(3) T e s t  t h e  f a i l - s a f e   d e s i g n .  
(4)  I n v e s t i g a t e   s u p e r c r i t i c a l   o p e r a t i o n  - s p e c i f i c a l l y  
between t h e  second and t h i r d  c r i t i c a l  speeds which 
are  wide ly   separa ted .   Inc lude   dynamic   se l f -ba lanc ing  
fo r  v e r y  smooth  opera t ion  in  t h e  s u p e r c r i t i c a l  r e g i m e .  
(5) I n v e s t i g a t e  t h e  effect  on t o r s i o n a l   s t r e n g t h  of 
p r o p e r t i o n s  s u b s t a n t i a l l y  d i f f e r e n t  from those 
tested i n  t h i s  program. 
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CALCULATION OF  LATWISE MOMENT VERSUS 
POSITION OF ROTATION FOR  FIGURE 17 
T h i s  Appendix  shows t h e  u s e  of t h e  s i m p l i f i e d  a n a l y s i s  f o r -  
mulas and moment-area principles for t h e  c a l c u l a t i o n  of two 
t h e o r e t i c a l  c u r v e s  shown in   F igu re   17 .  The c a l c u l a t i o n s  h e r e i n  
are  e lementary and would  not be presented ,  except  for  t h e  f a c t  
t h a t  t h e y  i l l u s t r a t e :  
(1) how t o  accoun t  fo r  f l e x i b l e  e a r s  on t h e  pick-up f l anges .  
(2)  how t o  account for  moment g r a d i e n t .  
(3) how t o  v e c t o r i a l l y  a d d  moments f o r  any  pos i t ion  of 
r o t a t i o n .  
I t  is a p p r o p r i a t e  t o  note  here t h a t  t h e  des igner  of a coup- 
l i n g  f o r  a s p e c i f i c  a p p l i c a t i o n  would n o t  c a l c u l a t e  stress as a 
f u n c t i o n  of a n g u l a r   p o s i t i o n .  It is s u f f i c i e n t  for  t h e  des igner  
t o  d e t e r m i n e  t h e  peak- to-peak  a l te rna t ing  stress from Equation 
(14).   In t h i s  r e p o r t ,  it was necessary t o  f i n d  t h e  phasing of 
t h e  stress because a de ta i led  compar ison  wi th  exper imenta l  da ta  
was sought .  
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Moment Diagram. - 
7.05 - 
Stiffness, -. . . - . . Determined by Test.-  Posit  ion A 
ears  on center-shaft, kip-in./rad. 
ears  on  in(out)-shafts, kip-in./rad. 
(EI)c, (Eq. lo), kip-in.2/rad. 




In Position A 
1.5 M' x 6.05 = .0005602 M' 
16200 
M' x 7-05 
246000 .0000287 M' 
.5745 M' x 4.05 - - .0000174 M' 
134000 
G k =  c = .0008749 M' 
.0008749 M' = .704/2 
M' = 402.3 
(Eq. 9) at 
Joint 11, M = 107.0 
at 
Joint 8, Y = 84.2 




In Position B 
.0005602 M' 
.0002686 M' 
6~ = .0008288 M' 
.OOO8288 M' = -352 
M' = 424.7 
Joint 11, M = 113.0 
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R o t  a t   i o n  Member 18, J o i n t  11 Member 13, J o i n t  8 * 

























e tc .  These  v a l u e s  a r e  p l o t t e d  i n  F i g u r e  17. 
* The v e c t o r i a l  a d d i t i o n  shown here is a consequence of t h e  
s ign  conven t ions  g iven  in  t h e  Computer Analys is  Sec t ion  2 
and t h e  d i r e c t i o n  of r o t a t i o n .  
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